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ABSTRACT
Context. Ultraviolet (UV) emission-line spectra are used to spectroscopically confirm high-z galaxies and increasingly also to deter-
mine their physical properties.
Aims. We construct photoionization models to interpret the observed UV spectra of distant galaxies in terms of the dominant radiation
field and the physical condition of the interstellar medium (ISM). These models are applied to new spectroscopic observations from
the VIMOS Ultra Deep Survey (VUDS).
Methods. We construct a large grid of photoionization models, which use several incident radiation fields (stellar populations, active
galactic nuclei (AGNs), mix of stars and AGNs, blackbodies, and others), and cover a wide range of metallicities and ionization
parameters. From these models we derive new spectral UV line diagnostics using equivalent widths (EWs) of Ciii]λ1909 doublet,
Civλ1549 doublet and the line ratios of Ciii], Civ, and He iiλ1640 recombination lines. We apply these diagnostics to a sample of 450
Ciii]-emitting galaxies at redshifts z = 2 − 4 previously identified in VUDS.
Results. We demonstrate that our photoionization models successfully reproduce observations of nearby and high-redshift sources
with known radiation field and/or metallicity. For star-forming galaxies our models predict that Ciii] EW peaks at sub-solar metal-
licities, whereas Civ EW peaks at even lower metallicity. Using the UV diagnostics, we show that the average star-forming galaxy
(EW(Ciii]) ∼ 2Å) based on the composite of the 450 UV-selected galaxies’ spectra is well described by stellar photoionization from
single and binary stars. The inferred metallicity and ionization parameter is typically Z = 0.3 – 0.5 Z⊙ and logU = −2.7 to −3,
in agreement with earlier works at similar redshifts. The models also indicate an average age of 50 – 200Myr since the beginning
of the current star-formation, and an ionizing photon production rate, ξion, of log ξion/erg−1 Hz = 25.3 – 25.4. Among the sources
with EW(Ciii]) >= 10Å, approximately 30% are likely dominated by AGNs. The metallicity derived for galaxies with EW(CIII)
= 10 − 20Å is low, Z = 0.02 − 0.2 Z⊙, and the ionization parameter higher (logU ∼ −1.7) than the average star-forming galaxy. To
explain the average UV observations of the strongest but rarest Ciii] emitters (EW(Ciii]) > 20Å), we find that stellar photoionization
is clearly insufficient. A radiation field consisting of a mix of a young stellar population (log ξion/erg−1 Hz ∼ 25.7) plus an AGN
component is required. Furthermore an enhanced C/O abundance ratio (up to the solar value) is needed for metallicities Z = 0.1 –
0.2 Z⊙ and logU = −1.7 to −1.5.
Conclusions. A large grid of photoionization models has allowed us to propose new diagnostic diagrams to classify the nature of the
ionizing radiation field (star formation or AGN) of distant galaxies using UV emission lines, and to constrain their ISM properties.
We have applied this grid to a sample of Ciii]-emitting galaxies at z = 2 − 4 detected in VUDS, finding a range of physical properties
and clear evidence for significant AGN contribution in rare sources with very strong Ciii] emission. The UV diagnostics we propose
should also serve as an important basis for the interpretation of upcoming observations of high-redshift galaxies.
Key words. galaxies: abundances – galaxies: evolution – galaxies: high-redshift – galaxies: ISM.
⋆ Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, under Large Program 185.A-
0791.
⋆⋆ JSPS Overseas Research Fellow
1. Introduction
Rest-frame ultraviolet (UV) spectra provide a powerful tool, en-
abling us to examine galaxies at z > 2 that are redshifted and
observable with the ground-based optical spectrographs (e.g.,
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Shapley et al. 2003). Historically, Lyα in emission at λ1215.7Å
has been used for identifying high-z galaxies. This is because
i) the Lyα line is theoretically the strongest feature from star-
forming galaxies that is observable with a ground-based tele-
scope in the rest-frame UV/optical, ii) it shows a unique distin-
guishable asymmetric line profile, and iii) galaxies that present
prominent Lyα emission are more abundant at higher-z at least
up to z ∼ 6 (e.g., Schaerer 2003; Vanzella et al. 2009; Stark et al.
2011; Cassata et al. 2015). However, since Lyα is resonantly
scattered by neutral hydrogen, it becomes unlikely to be the
best probe of galaxies in the reionization epoch at z > 6, when
the intergalactic medium (IGM) neutral fraction is significantly
larger than zero (e.g., Fan et al. 2006). Indeed, several studies
have pointed out a decline of the fraction of Lyα emitters with
respect to all star-forming galaxies at z & 7 (e.g., Pentericci et al.
2014; Schenker et al. 2014). A similar drop in the abundance of
Lyα emitters is also reported in the luminosity function study of
Konno et al. (2014). We thus need to explore alternative probes
of galaxies in the early universe, in order to characterize as well
as spectroscopically confirm them.
An advantage of other UV lines is that they are observable
from galaxies at z > 6 − 7 with near-infrared spectrographs cur-
rently available at ground-based observatories and the Hubble
Space telescope (HST). Indeed, recent deep spectroscopic sur-
veys of z > 6 − 7 identify the following rest-UV emission lines;
[Ciii]λ1907, Ciii]λ1909 , (hereafter their sum is referred to as
Ciii]λ1909), Civλλ1548, 1550 (hereafter Civλ1549), He iiλ1640,
and/or N vλ1240 (Stark et al. 2015a,b, 2017; Mainali et al. 2017;
Schmidt et al. 2017; Laporte et al. 2017). The next question per-
tains to whether or not we can use these UV emission lines to
infer the detailed properties of stars and gas.
In order to gain insight into the UV spectroscopic prop-
erties, previous studies have worked on galaxies at intermedi-
ate redshifts (z = 1.5 − 3.5; Shapley et al. 2003; Fosbury et al.
2003; Erb et al. 2010; Christensen et al. 2012; Stark et al. 2014;
Bayliss et al. 2014; de Barros et al. 2016; Amorín et al. 2017;
Stroe et al. 2017) with ground-based instruments, as well as
in the nearby universe (Garnett et al. 1995; Berg et al. 2016;
Senchyna et al. 2017) using the HST. At these redshifts of
z = 0 − 3.5, their rest-frame optical spectra are also avail-
able, which are well calibrated to determine the Interstel-
lar medium (ISM) properties such as gas-phase metallic-
ity and ionization parameter using empirical methods (e.g.,
Pagel et al. 1979; Storchi-Bergmann et al. 1994; Pettini & Pagel
2004) and photoionization modelling (e.g., Kewley & Dopita
2002). Stark et al. (2014) have reported Ciii] detection in 16
out of 17 strongly-lensed star-forming dwarfs at z = 1.5 − 3.
Civ emission was also detected in the three most extreme Ciii]
emitters. Using photoionization models of Gutkin et al. (2016),
Stark et al. (2014) have inferred with the UV lines only that the
four galaxies in their sample with the best UV spectra (includ-
ing the three Civ emitters) are all characterized by a metal-poor
(Z = 0.04–0.13 Z⊙), highly ionized (logU ∼ −2) gas with a
young age stellar population (. 50Myr). The gaseous proper-
ties are in good agreement with those estimated with the rest-
frame optical emission lines. A similar low-metallicity gas with
a high ionization parameter has been estimated for galaxies with
a prominent Ciii] emission (Erb et al. 2010; Christensen et al.
2012; Berg et al. 2016; Senchyna et al. 2017). These objects all
have stellar masses below 1010M⊙. Since young, metal-poor,
low-mass galaxies are considered to be more common at higher-
z, their UV lines, especially the Ciii], are likely to be strong
enough to be used for their identification.
A positive correlation between equivalent widths (EWs) of
Lyα and Ciii] emission as suggested by some observations (e.g.,
Shapley et al. (2003); Stark et al. (2014)) also supports the idea
of using Ciii] as an alternative probe of early galaxies instead
of Lyα. It remains unclear, however, whether the positive cor-
relation holds universally. For example, Rigby et al. (2015) sug-
gested that the correlation is mostly dominated by the strongest
emitters with EW(Lyα) & 50Å and EW(Ciii]) & 5Å, and that
the correlation becomes less significant for weaker emitters. The
correlation needs to be confirmed with larger samples and fully
understood from a theoretical point of view.
Other UV lines are also important for understanding the na-
ture of the ionizing spectrum radiated in high-z objects. This is
because there exist some high ionization lines such as Civλ1549
and the He iiλ1640 recombination line which require the pres-
ence of extremely high-energy photons. The He ii recombina-
tion line is especially sensitive to the abundance of ionizing pho-
tons with energies higher than 54.4 eV, which can partly be pro-
duced by stars, but more abundantly by an active galactic nu-
cleus (AGN). It is thus suggested that the emission line ratios
including He ii can be used as a diagnostic to judge whether
the ionizing source is powered by stellar population or AGN
(Feltre et al. 2016; Gutkin et al. 2016). If only stellar popula-
tions are considered, the strength of the UV lines could be sen-
sitive to the hardness and the shape of the ionizing spectrum.
Schaerer (2003) demonstrated that the He ii emission strength
provides a diagnostic to examine the ionizing spectrum gener-
ated by a stellar population that is sensitive to the shape of initial
mass function (IMF), metallicity, age, and so on. More recently,
Jaskot & Ravindranath (2016) implied that metal-poor galaxies
with metallicity below 0.2 Z⊙ require harder spectral energy dis-
tribution (SED) models that include binary stars (Stanway et al.
2015) to reproduce large EWs of Ciii] of ∼ 10 – 20Å. Some
other evidence favoring stellar population models which include
massive interacting binaries have been pointed out recently (e.g.,
Steidel et al. 2016). Photoionization modeling with several in-
put radiation fields appears necessary to carefully interpret the
observed UV spectra.
More detailed photoionization models are also motivated by
new data from larger surveys coming on line. Using the VIMOS
Ultra Deep Survey (VUDS; Le Fèvre et al. 2015), Le Fèvre et al.
(2017) have established a sample of 447 galaxies at z = 2 − 4
that present a prominent (> 3σ) Ciii] emission, including 16
with rest-frame EW(Ciii]) larger than 20Å. Since there are other
UV emission lines (such as Civ and He ii) detected in many of
the VUDS spectra, these Ciii] emitters provide us with a unique
opportunity to examine ISM properties and ionizing spectra
of a large sample of high-redshift galaxies. By comparing the
Ciii] emitters with their parent sample in the same redshift in-
terval in the plot between stellar mass and star-formation rate
(SFR), Le Fèvre et al. (2017) interestingly suggest that a signif-
icant fraction of galaxies with EW(Ciii]) & 10Å tend to fall
below the relation typically found in the parent sample of star-
forming galaxies (i.e., below the star-formation main-sequence).
This trend is particularly striking for strong Ciii] emitters with
EW > 20Å. Le Fèvre et al. (2017) therefore suggest that the
presence of an AGN in these stronger Ciii] emitters may be
responsible for the star-formation quenching in these galaxies.
On the other hand, Amorín et al. (2017) also identify with the
early VUDS data ten metal-poor compact star-forming galax-
ies at z ∼ 3 showing an intermediately strong Ciii] emission
of EW(Ciii]) = 5.5 – 21.5Å (median value: 11.5Å). This ear-
lier VUDS study already suggests that a variety of objects may
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show strong Ciii] emission. In this companion study, we inves-
tigate the nature of the Ciii] emitters in VUDS using a large
grid of photoionization models. Particularly in this paper, we ex-
ploit UV diagnostic diagrams using the three UV lines of Ciii],
Civ, and He ii. These are the three most prominent UV emission
lines after Lyα observed in the spectra of star-forming galaxies
at z = 2 − 4 (e.g., in VUDS; Le Fèvre et al. 2015), as well as in
sources at z > 6 (Stark et al. 2015a,b, 2017; Mainali et al. 2017;
Schmidt et al. 2017). We discuss diagnostics involving the EW
of Ciii] and Civ, which complement those presented in the recent
studies of Feltre et al. (2016) and Gutkin et al. (2016). The EWs
in conjunction with line ratios provide efficient and informative
tools to investigate the ISM properties as well as the nature of
the ionizing radiation field of distant galaxies.
This paper is organized as follows. We describe our pho-
toionization modeling in Sect. 2, and present the photoionization
model predictions of the UV line fluxes and EWs in Sect. 3. In
Sect. 4 we develop UV diagrams to diagnose the shape of the in-
cident radiation field and the ISM properties. Using the sample
of VUDS Ciii] emitters described in Sect. 5 and Le Fèvre et al.
(2017), we derive the physical properties of the Ciii] emitters
found by VUDS in Sect. 6. The ten metal-poor VUDS galax-
ies studied by Amorín et al. (2017) are also re-examined with
our UV diagrams. In Sect. 7, we discuss the nature of the Ciii]
and Civ emitters found by VUDS and detected at even higher-z
from the literature, and investigate the practicality of using emis-
sion lines in the rest-frame UV for identifying high-z sources.
Section 8 summarizes and concludes the paper. Throughout
this paper, we assume a solar chemical composition following
Asplund et al. (2009), where log(Z/Z⊙) = 12+ log(O/H)− 8.69.
We adopt a standard ΛCDM cosmology with (Ωm, ΩΛ, H0) =
(0.3, 0.7, 70 km s−1Mpc−1). We use a definition of EWwith pos-
itive values indicating emission. All EWmeasurements are given
in the rest frame.
2. Photoionization models
We perform photoionization model calculations with Cloudy
(version 13.03; Ferland et al. 1998, 2013) to examine the UV
spectroscopic properties of distant galaxies, with particular at-
tention to Ciii] emission. We use a large range of ionizing fields
to try and cover the large range of galaxy properties. These mod-
els are used to interpret the Ciii] emitters found by VUDS in Sect.
5. We assume constant-density gas clouds with a plane-parallel
geometry. We include dust physics and the depletion factors of
the various elements from the gaseous phase in the same manner
as the analyses of Dopita et al. (2006) and Nagao et al. (2011).
Dust grains in the photoionized regions are considered to play
an important role in photoelectric heating of the cloud, and to
affect the emitted spectrum, especially in the UV and optical
wavelength regimes (e.g., van Hoof et al. 2004). Depletion fac-
tors used in this paper are given by Cloudy except for nitrogen,
for which the value from Dopita et al. (2006) is used instead that
is more consistent with the Asplund et al. (2009) abundance set.
The choice of the nitrogen depletion factor does not affect the
UV diagnostics we propose in this paper. We understand that
usages of the adopted depletion factors remain debatable for ev-
ery model we explore in this paper. In non-solar metallicities,
we assume that both the dust model and the depletion factors
are unchanged, but the dust abundance is assumed to scale lin-
early with the gas metallicity, as adopted in Nagao et al. (2011).
All elements except nitrogen, carbon, and helium are taken to be
primary nucleosynthesis elements. For carbon and nitrogen, we
use forms given by Dopita et al. (2006) and López-Sánchez et al.
(2012) by default, respectively, to take account of their sec-
ondary nucleosynthesis components in a high-metallicity range.
For helium, we use a form in Dopita et al. (2006). These pre-
scriptions are empirically derived from observations of nearby
extragalactic H ii regions. In this paper, the carbon abundance is
particularly important since it directly affects the strength of the
Ciii] and Civ emission. We note that the prescription of the car-
bon abundance we adopt is thought to be valid for z = 2 − 3
galaxies on average (e.g., Erb et al. 2010; Steidel et al. 2016;
Amorín et al. 2017), despite their large scatter. We thus addition-
ally consider cases where the carbon abundance does not follow
the empirical method (Sect. 3.3), and discuss a possible vari-
ation of the carbon abundance later in this paper (Sects. 6.4.3
and 7.2). Briefly, models are constructed by varying ISM proper-
ties of metallicity (Z), ionization parameter (logU), and electron
density (nH) over a wide parameter space, as indicated in Table
1. For our default models we assume a gas density of 102 cm−3,
a typical value that is observationally suggested at these red-
shifts (e.g., Sanders et al. 2016) except for the AGN SED, which
adopts a higher default gas density of 103 cm−3 as adopted by
Kewley et al. (2013) (see also Dors et al. 2014). Models with a
higher gas density are also presented in Sect. 3.1.
To address the nature and estimate the physical properties of
high-redshift galaxies, we have considered a diversity of ioniz-
ing radiation fields including those of star-forming galaxies gen-
erated by stellar population synthesis codes which include sin-
gle or binary evolution, AGNs, combinations of stars and AGN,
blackbodies, and a PopIII stellar population. The SEDs are illus-
trated in Fig. 1. Such diverse SEDs are in particular needed to
explain and understand the range of observed properties includ-
ing the strongest Ciii] equivalent widths, which have not been
explored in star-forming galaxy populations (e.g., Rigby et al.
2015; Jaskot & Ravindranath 2016). SEDs with different shapes
of the ionizing spectrum (i.e., wavelengths λ < 912 Å), some-
times also referred to as the hardness of the SED, directly affect
the predicted emission line ratios. For predictions of the equiva-
lent widths (EWs) of emission lines, that is, the ratio of line flux
with respect to the continuum, the observable UV continuum
(here λ ∼ 1500 − 2000 Å) is also of importance. Therefore it is
important to also examinemodels with different ratios of the ion-
izing photon flux to UV luminosity, that is, different parameters
ξion = QH0/LUV (e.g., Robertson et al. 2013). We now explain the
different SED models. The models presented here do not con-
sider the effects of shocks on the emission lines, which are dis-
cussed, for example, by Allen et al. (2008). In general, the effects
of shocks on the integrated UV spectra of star-forming galax-
ies are expected to be secondary, and few predictions exist on
this topic. Jaskot & Ravindranath (2016) show how Ciii] emis-
sion is increased by shocks with low velocities and strong mag-
netic fields, leading to spectral signatures comparable to those of
AGN.
2.1. Star-forming galaxies
As the reference case for models of star-forming galaxies, we
adopt the incident radiation fields from the population synthesis
code PopStar (Mollá et al. 2009) for a Chabrier (2003) IMF at
an age of 1Myr, which have been studied in detail and compared
to data from the Sloan survey by Stasin´ska et al. (2015). Such
young instantaneous burst models are usually used for modeling
H ii-regions (e.g., Kewley & Dopita 2002) since the nebular line
ratios are sensitive to the youngest stellar population; age effects
are discussed later (Sect. 3.4). Stellar metallicities are matched
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Fig. 1. The number of photons emitted above the energy E as a function of E, for different incident radiation fields. The ionization thresholds
of key ions discussed in this paper are presented by the vertical dashed lines. (a) The PopStar models at an age of 1Myr color-coded by stellar
metallicity, from Z = 0.01 Z⊙ (solid blue) to 2 Z⊙ (solid red). In addition, a BPASS 300bin model at an age of 1Myr with a metallicity of
Z = 0.05 Z⊙ is presented (dotted cyan). (b) The AGN models color-coded by power-law index, from α = −1.2 (blue) to α = −2.0 (red). The
PopStar model at an age of 1Myr with a metallicity of Z = 0.2 Z⊙ is shown by the gray curve for comparison (same for the rest of the panels). (c)
The PopStar models at an age of 1Myr combined with AGN with an α = −1.6. Two cases of the contribution of the AGN to the total number of
ionizing photons are presented; fAGN = 0.03 (solid) and 0.1 (dotted). The color-code is the same as the panel (a). (d) The blackbody models with
a high effective temperature of Teff = 6 × 104 K (solid red), 8 × 104 K (solid yellow), and 1 × 105 K (solid green). In addition, a PopIII model of
Raiter et al. (2010) corresponding to zero-age with a Salpeter (1955) IMF 1–100M⊙ is presented (dotted blue).
Table 1. Main parameters of our Cloudy photoionization models explored in this paper.
Parameter PopStar BPASS AGN PopStar+AGN Blackbody PopIII star
SED shape Fig. 1(a)(‡) Fig. 1(a)(‡) Fig. 1(b) Fig. 1(c)(‡) Fig. 1(d) Fig. 1(d)
Z (Z⊙) 0.01, 0.02, 0.05, 0.05, 0.1, 0.2, 0.01, 0.02, 0.05, 0.01, 0.02, 0.05, 0.01, 0.02, 0.05, 10−4, 10−3, 0.01,
0.1, 0.2, 0.5, 0.5, 1.0 0.1, 0.2, 0.5, 0.1, 0.2, 0.5, 0.1, 0.2, 0.5, 0.02, 0.05, 0.1
1.0, 2.0 1.0, 2.0, 5.0 1.0, 2.0 1.0 1.0
logU −3.5, −3.0, −2.5, −2.0, −1.5, −1.0, −0.5
nH (cm−3) 10, 102 (†), 103, 10, 102 (†), 103, 10, 102, 103 (†), 10, 102 (†), 103, 10, 102 (†), 103, 10, 102 (†), 103,
104, 105 104, 105 104, 105 104, 105 104, 105 104, 105
C/O C/H = 6.0 × 10−5Z/Z⊙ + 2.0 × 10−4(Z/Z⊙)2 (Dopita et al. 2006)(†), fixed C/O ratios up to 1.0 (∼ 2× (C/O)⊙)
Other · · · Upper-mass α = −1.2, −1, 4, α = −1.6 (†), −1.2; Teff = 6 × 104, Zero-age,
param. of 300 M⊙ −1.6 (†), −1.8, fAGN = 0.03, 0.1 8 × 104, 1 × 105 K Salpeter IMF,
−2.0 1–100 M⊙
(†) Default value adopted for the input SED model. (‡) Ages of current star-formation of 1Myr and older are considered under the assumption of
constant star-formation.
Article number, page 4 of 27
Nakajima, Schaerer, Le Fèvre et al.: UV spectroscopic properties of VUDS Ciii] emitters
to the gas-phase ones. The shapes of the ionizing photon spec-
tra with eight different metallicities are shown as solid curves in
panel (a) of Figure 1. The model calculations are stopped when
the electron fraction, defined as the ratio of the number density
of electrons to that of total hydrogen, falls below 10−2.
The PopStarmodels are based on a single stellar population.
In order to include a binary evolution in modeling the stellar
populations, we additionally consider SEDs provided by BPASS
(v2; Stanway et al. 2015) for models of star-forming galaxies.
We use publicly available1 BPASS SEDs adopting similar as-
sumptions as in the PopStar models, assuming an instantaneous
starburst at an age of 1Myr, a Kroupa (2001)-like IMF with the
upper-mass cut of 300M⊙, and a binary stellar population. We
call the models “BPASS-300bin” models. The stellar metallic-
ities of Z = 0.05–1 Z⊙ are used for the calculation. For refer-
ence the shape of the ionizing spectrum with a metallicity of
Z = 0.05 Z⊙ is shown as a dotted curve in the panel (a) of Figure
1. The BPASS-300bin models provide a slightly harder shape of
the ionizing spectrum than the PopStar models. A notable en-
hancement is found in the high-energy regime of E ∼ 50 eV. If
the models are normalized at a UV wavelength (∼ 1500Å) in-
stead of at 912Å, the BPASS models present a larger number
of ionizing photons than the PopStar models in Fig. 1(a). This
means the BPASS-300bin models show a higher ξion parame-
ter than the single stellar population models for a given metal-
licity, as expected (cf. Stanway et al. 2015; Trainor et al. 2016).
Therefore we expect emission line ratios, which are only sen-
sitive to the shape of the ionizing spectrum, to differ less than
line equivalent widths between models using the PopStar and
BPASS SEDs.
2.2. Active galactic Nuclei
We consider a narrow-line region (NLR) surrounding an AGN
ionizing radiation field, which is frequently characterized by
a power law. Our AGN models are generated by the Cloudy
“AGN” continuum command with the default parameters except
for the power-law energy slope between the optical and X-ray
bands, αox (Zamorani et al. 1981). The parameter corresponds to
the power-law index α, where fν ∝ να, determined in the range
of a few to a few thousand eV2. Hereafter, the notation α stands
for the αox index. Models are constructed with the parameters
of α = −1.2, −1.4, −1.6, −1.8, −2.0. The shapes of the ionizing
photon spectra with five different α are shown in Figure 1(b).
We note that the shape of the produced AGN continuum in the
UV and longer-wavelength regimes is provided based on obser-
vations of quasars (e.g., Elvis et al. 1994; Francis et al. 1993).
The continuum is considered to be dominated by emission from
the accretion disk, especially in the UV wavelength regime we
are interested in (e.g., Elvis et al. 1994). Since we consider type-
II AGNs, in which the accretion disk is hidden by torus, the UV
continuummight be overestimated by our models due to a possi-
ble attenuation. The EWs of the AGNmodels could thus become
larger than calculated here if the attenuation is taken into account
(see Sect. 3.5). The AGN models are truncated at a neutral col-
umn density of N(H i) = 1021 cm−2, in accordance with the NLR
models of Kewley et al. (2013). For the AGN models, we adopt
1 http://bpass.auckland.ac.nz/2.html
2 E.g., Elvis et al. (2002) define the αox index as αox =
log( fx/ fo)/2.605, where fo and fx are the fluxes per unit frequency at
2500 Å (∼ 4.96 eV) and 2 keV, respectively. The value 2.605 is calcu-
lated as ∼ log(2000/4.96). Elvis et al. (2002) derive a typical value of
the αox index in the range from −1.6 to −1.4.
dust-free gas clouds and assume no depletion of elements onto
dust grains, since previous studies suggest that dust-free models
are in better agreement with the observations of high-redshift ra-
dio galaxies, type-II QSOs, and local type-II AGNs than dusty
models (e.g., Nagao et al. 2006). For the AGN models, we addi-
tionally consider a further metal-rich gas cloud, Z = 5 Z⊙.
2.3. Star-forming galaxies with an active galactic nucleus
The shape of the highest-energy ionizing photon spectrum at
E > 40–50 eV for star-forming galaxies is not yet fully under-
stood. Current stellar population synthesis codes may not prop-
erly account for the evolution of very massive stars in the low-
metallicity regime and could underestimate the number of high-
energy ionizing photons (e.g., Stasin´ska et al. 2015). We con-
sider models of star-forming galaxies with an additional contri-
bution of an AGN. The SEDs of the stellar population are pro-
vided by PopStarmodels at an age of 1Myr as described in Sect.
2.1. For the AGN component, we use a power-law spectrumwith
the index α = −1.6 over the range of E = 1.0 – 100Ryd (i.e.,
E = 13.6 eV – 1.36 keV) as a default. We alternatively use a
harder spectrum of α = −1.2 to check if the hardness affects
the resulting visibility of the emission lines. We adopt two dif-
ferent values of the contribution of the AGN to the total num-
ber of ionizing photons, fAGN = 0.03 and 0.1. The contribution
of 3% is suggested for explaining the He ii/Hβ ratios of local
blue compact dwarf galaxies with a high ionization parameter
(Stasin´ska et al. 2015), and thus could be needed for their high-z
analogs of emission-line galaxies. The combined SEDs are pre-
sented in panel (c) of Figure 1. The model calculations are per-
formed in exactly the samemanner as for the star-forming galaxy
models (Sect. 2.1).
2.4. Blackbodies
We also consider models with ionizing spectra described by a
simple blackbody. We consider Blackbodies at very high tem-
perature, Teff = 60, 000K, 80, 000K, and 100, 000K. The SEDs
are shown in Figure 1(d). Motivation for examining blackbod-
ies lies in the fact that the shape/hardness of ionizing spectra of
blackbodies with T & (6 − 7) × 104K resembles that of Pop-
Star models at an age of 4Myr, when Wolf-Rayet (WR) stars
begin to dominate the ionizing spectrum (Stasin´ska et al. 2015).
We aim to examine the UV spectrum if the incident radiation
field is as hard as (or harder than) that during the WR-dominated
phase. Furthermore, these high-temperature blackbodies could
be the main ionizing source if very massive stars, as observed
in the central region of the star clusters in the nearby universe
(e.g., Crowther 2016), dominate the integrated spectrum of the
system. As we see below, another advantage of blackbody spec-
tra is that they have a higher ionizing photon flux per unit of UV
luminosity, ξion, than more realistic stellar spectra, as they show
no discontinuity at the Lyman edge, in contrast with stellar spec-
tra (see e.g., Fig. 15 fromRaiter et al. 2010). Although we do not
know which astrophysical sources would show this behavior, it
is useful to use these models to examine the origin of the largest
EWs of Ciii] found in some VUDS spectra.
2.5. PopIII star
The final scenario we consider is the PopIII stellar population
as the main ionizing source. We take one PopIII SED from
Raiter et al. (2010) at zero-age with a Salpeter (1955) IMF and
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Fig. 2. UV line diagrams for the SED of PopStar models (Fig. 1a). A gas density of 102 cm−3 is assumed. The curves present our grid of models
in the range of Z = 0.01–2 Z⊙ for log U = −3.5 (red), −3.0 (orange), −2.5 (yellow), −2.0 (green), −1.5 (cyan), −1.0 (skyblue), and −0.5 (blue).
The metallicity of Z = 0.01, 0.1, and 1 Z⊙ is denoted with a large filled, medium open, and small gray-filled circle, respectively, along each of the
curves. The black dashed curves are the demarcations between a star-forming galaxy and AGN that will be defined in Sect. 4.1.
Fig. 3. As in Fig. 2, but for models with a higher gas density of 104 cm−3.
Fig. 4. As in Fig. 2, but for the SED of BPASS binary star models, BPASS-300bin (cyan dotted curve in Fig. 1a). Only the metallicity range of
Z = 0.05–1 Z⊙ is considered.
its lower and upper mass cut-offs of 1M⊙ and 100M⊙, respec-
tively. The SED is presented in panel (d) of Figure 1 (dotted). For
the popIII models, we additionally consider extremely metal-
poor gas nebulae of Z = 10−4 Z⊙ and 10−3 Z⊙. The model cal-
culations are terminated at the electron fraction of 10−2 as done
for the star-forming galaxy models (Sect. 2.1).
3. UV line predictions
In this Section we present the photoionization model predic-
tions of the UV line fluxes and EWs that can be directly com-
pared with the observations. Specifically, in this paper we use
three diagrams of Civ/Ciii] versus (Ciii]+Civ)/He ii, EW(Ciii])
versus Ciii]/He ii, and EW(Civ) versus Civ/He ii. These three
lines were chosen as they are the three most prominent UV
emission lines after Lyα observed in the spectra of galaxies
at z = 2 – 4 (e.g., Le Fèvre et al. 2015). The first line ra-
tios diagram is hereafter referred to as the C4C3–C34 dia-
gram. This combination is motivated by the optical line ratios
diagram of [O iii]λ5007/[O ii]λ3727 versus ([O ii]+[O iii])/Hβ
(e.g., Nakajima & Ouchi 2014), which is useful for inferring the
metallicity and ionization parameter. The latter two diagrams
use, in part, EWs, which are observable even from galaxies at
high-z (e.g., Stark et al. 2015a,b). These three diagrams confer
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Fig. 5. As in Figs. 2 and 4 but for models with a fixed C/O abundance ratio of log C/O = −0.3. The solid and dashed curves are the PopStar and
the BPASS-300bin models, respectively.
the advantage that objects can be plotted and diagnosed even if
only one of the three lines is detected. The main parameters that
govern the positions in the diagrams are: metallicity, ionization
parameter, density, and shape of ionizing photon spectrum. In
addition, for star-forming galaxies, the age of the current star-
formation (or ξion) is also important for the prediction of EWs.
In the following subsections, we explain the behaviors of each
of the models presented in Sect. 2 using the three UV diagrams
described above.
3.1. Single stellar population
Figure 2 presents the three diagrams of C4C3–C34, EW(Ciii])–
Ciii]/He ii, and EW(Civ)–Civ/He ii for the conventional star-
forming galaxies, using the 1Myr SED from the PopStarmodels
and nH = 102 cm−3 (hereafter referred to as our “default model"),
as a function of metallicity and ionization parameter. Variations
of gas density and age of SEDs are discussed below.
An interesting feature found in Figs. 2 and 3 is that EWs of
Ciii] and Civ generated by a single stellar population have maxi-
mum values; EW(Ciii]) . 12Å, and EW(Civ) . 9Å. Since lower
EWs are predicted for older ages (cf. below) this indicates that
objects with an EW of Ciii] and/or Civ over ∼ 10Å are difficult
to explain by photoionization of a single stellar population. The
limit for Ciii] may be slightly relaxed to EW(Ciii]) . 18Å when
binary stars are included, as discussed in Sect. 3.2. The EWs of
Ciii] and Civ increase with metallicity (i.e., with carbon abun-
dance) in the low-metallicity regime, up to a turn-over metal-
licity, above which they decrease again. The turn-over metallic-
ity values for the EWs of Ciii] and Civ are Z = 0.1 − 0.2 and
0.05−0.1 Z⊙, respectively. These turn-overs are mainly due to the
fact that the gas temperature decreases with increasing metallic-
ity, and the ultraviolet collisional excitation lines therefore be-
come weaker. The EW(Ciii]) increases with increasing ioniza-
tion parameter up to logU ∼ −2. For even higher ionization
parameters Civ becomes dominant and the EW(Ciii]) decreases.
Figure 2 also shows that high ratios of Ciii] and Civ to
He ii are predicted, as expected (cf. Feltre et al. 2016). This is
due to a weak He ii emission. Since the He ii is a recombina-
tion line in a He++ region, very high-energy ionizing photons of
E > 54.4 eV are needed, which is not expected for normal stellar
populations (see Fig. 1a). The ratios of Ciii]/He ii, Civ/He ii, and
(Ciii]+Civ)/He ii are predicted to increase with metallicity (Fig.
2). This is due to a softening of the radiation field with increasing
metallicity, which causes a decrease of He ii emission. Further-
more, Ciii] and Civ emission increases with metallicity, up to the
“turn-over metallicity”. The Civ/Ciii] ratio is also sensitive to
the ionization parameter, increasing with increasing ionization
parameter.
Since Ciii] is a collisionally excited line, the strength depends
on gas density, as shown in Fig. 3. Here we present the models
with nH = 104 cm−3, which is likely to be the highest gas den-
sity observed for star-forming galaxies at high-z (Sanders et al.
2016). The Ciii] emission gets stronger if a higher gas density is
assumed. The trend is visible especially in the high-metallicity
regime (Z & 0.5 Z⊙), where the carbon ions are more abun-
dant. However, the change of the peaks of the EW(Ciii]) are
minimal over 2 orders of magnitude in density. Since the maxi-
mum value of the EW(Ciii]) is obtained if the gas metallicity is
Z = 0.1 − 0.2 Z⊙, the enhancement of the maximum value is not
prominent. The critical density for Ciii] is about 3×109 cm−3, and
the collision de-excitation is almost negligible for these models.
3.2. Binary stellar population
Figure 4 shows the UV lines and EWs predicted for the binary
stellar population models. These cases correspond to galaxies
whose ionizing spectrum is harder than previously suggested by
single stellar population models (e.g., Steidel et al. 2016). A fea-
ture of the binary models is that He ii emission becomes stronger
compared to the PopStar models (see Fig. 2), due to a harder
ionizing spectrum of the binary models (Stanway et al. 2015).
A notable difference between the single and binary star mod-
els lies in the EWs of Ciii] and Civ. The binary models predict
larger EWs by a factor of ∼ 1.4, which is primarily due to the
increased ionizing photon flux per UV continuum luminosity
(measured e.g., by ξion). If the BPASS SEDs are appropriate, we
expect star-forming galaxies to show EWs of Ciii] and Civ as
large as ∼ 20Å and ∼ 12Å, respectively.
Predictions concerning emission line ratios are almost the
same as seen in the single stellar population. The Civ/Ciii] ratio
does not change significantly from single to binary stellar popu-
lations, since the shape/hardness of the ionizing radiation field is
almost indistinguishable in the energy range below E ∼ 48 eV,
as seen in Fig. 1(a).
3.3. Variation in C/O abundance
As the standard model we assume the formula of Dopita et al.
(2006) to give a Carbon abundance at each metallicity. Al-
though the relation is generally in good agreement with obser-
vations of galaxies at z = 2 − 3 (e.g., Steidel et al. 2016), a
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Fig. 6. EWs of Ciii] (solid) and Civ (dashed) as a function of age for single- (left) and binary- (right) stellar population under the assumption
of continuous star-formation. The age is defined since the beginning of the current star-formation. They are normalized at 1Myr. The decrease
of EW of Ciii] (Civ) is estimated by counting the number of photons with an energy of > 24.4 eV (47.9 eV) divided by the UV (stellar+nebular)
continuum around the Ciii] (Civ) emission at a given age. The blue, green, yellow, and red curves denote the age dependencies for a metallicity of
Z = 0.1, 0.2, 0.5, and 1.0 Z⊙, respectively.
non-negligible scatter toward higher C/O is also reported (e.g.,
Amorín et al. 2017). Since the C/O abundance ratio affects the
predicted strengths of the Ciii] and Civ lines, a possible variation
in C/O ratio needs to be explored. In this subsection, we present
models with a higher C/O ratio, which might be applicable to
some strongly Ciii] emitting galaxies.
Figure 5 shows the PopStar and the BPASS-300bin mod-
els with a fixed C/O ratio of logC/O = −0.3, a solar value,
irrespective of metallicity. Compared to the values given by
the Dopita et al. (2006) formula, the C/O abundance ratio is
higher by 0.6, 0.6, 0.6, 0.5, 0.4, and 0.2 dex for the metallicities
Z = 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5 Z⊙ in our models. Figure
5 shows that a high C/O abundance ratio increases carbon-to-
helium line ratios and the EWs of the carbon emission. The EWs
and the C34 ratio scale approximately linearly with the C/O ra-
tio. Therefore, the increase with respect to our standard models
is more significant for low-metallicity models. The C4C3 ratio
is less sensitive to the change of the C/O ratio, as expected.
In some models the EWs of Ciii] and/or Civ become larger
than the limits, EW(Ciii]) ≃ 20Å and EW(Ciii]) ≃ 12Å, that we
find in the standard models. These models have a low metallicity
(Z = 0.05 − 0.2 Z⊙ where the Ciii] and/or Civ emission peaks)
but a Carbon abundance as high as the solar value in C/O, which
can hardly be considered normal (cf. Sect. 7.2). Subsequently
we therefore adopt the standard models using the prescription of
Dopita et al. (2006) for the C/O ratio, and refer to models with
higher C/O ratios only when the standard models are insuffi-
cient.
3.4. Age effects
Although the youngest stellar population of 1Myr is convinc-
ingly reproducing emission line ratios of star-forming galaxies,
it is not adequate to discuss their EWs since the continuum level
strongly depends on the older stellar population. Here we dis-
cuss the age dependencies of the EWs for both the single and
binary-stellar population models. Age is defined here as the time
since the onset of the current star-formation period. The ages are
sensitive to the UV continuum level, the shape of the ionizing
spectrum, and thus to the ξion parameter. Figure 6 presents the
EWs of Ciii] and Civ and their changes as a function of age as-
suming a constant star formation. They are normalized at the age
of 1Myr, where the EW is maximal. To first order, as shown by
the solid (dotted) lines, the relative decrease of the EW of Ciii]
(Civ) with age is determined by the decrease of the number of
ionizing photons with energies above the corresponding ioniza-
tion potentials of E > 24.4 eV (E > 47.9 eV) and the increase
of the non-ionizing UV-continuum flux density around 1909Å
(1549Å). Moreover, the nebular continuum is added to the UV
continuum, as predicted by Cloudy. For this Figure we choose
a typical ionization parameter 3 and scale the nebular continuum
with the number of ionizing photons. The decreases of EWs with
age are in good agreement with the predictions directly mod-
eled by Jaskot & Ravindranath (2016) for both the single and bi-
nary stellar populationmodels. For example, for the single stellar
population with Z = 0.2 Z⊙, the EW of Ciii] (Civ) is suggested
to decrease by a factor of about 2.4 (2.9) and 4 (5) at the age
of 10 and 100Myr, respectively, with respect to the EW at the
age of 1Myr. On the other hand, if the binary stellar population
is assumed, the EWs of Ciii] (Civ) become weaker by a factor
of about 1.7 (1.9) and 2.4 (2.5) at the age of 10 and 100Myr, re-
spectively, even with the same metallicity of Z = 0.2 Z⊙. The age
dependence of EW is less significant if the binary stellar popula-
tion is assumed (Jaskot & Ravindranath 2016), as the effects of
binary evolution tend to prolong the epoch over which blue stars
dominate the spectrum (Stanway 2017).
3.5. Active galactic nuclei
Figure 7 shows the grid of AGN models with power-law in-
dices of α = −2.0, −1.6, and −1.2. The UV line diagrams
look quite different if the AGN SEDs are adopted instead of
the SEDs discussed in previous sub-sections. One notable dif-
ference is the lack of high (Ciii]+Civ)/He ii (and Ciii]/He ii,
Civ/He ii) ratio. This is due to the strong He ii emission in the
AGN models (e.g., Feltre et al. 2016). The power-law spectra
are hard enough to provide a large number of ionizing photons
with energies above 54.4 eV, by 2−3 orders of magnitudes more
than pure star-forming galaxies (see Fig. 1b). The AGNs’ hard
3 logU=−2.3, −2.5, −2.8, and −3.0 for Z = 0.1, 0.2, 0.5, and 1 Z⊙
following an empirical relation (e.g., Kojima et al. 2017).
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Fig. 7. As in Fig. 2, but for the SED of AGN models (Fig. 1b). Models have power-law indices of α = −1.2 (dashed), −1.6 (solid), and −2.0
(dotted) and the metallicity ranges from Z = 0.01 to 5 Z⊙.
Fig. 8. As in Fig. 2, but for the SED of PopStar+AGN (α = −1.6) models with the AGN contribution of fAGN = 0.03 (solid; Fig. 1c) and 0.1
(dotted; Fig. 1c). Only the models for the ionization parameters of logU > −2.5 are displayed.
spectra also enhance the Civ and Ciii] emission. However, the
enhancement of Ciii] is less significant because the AGN mod-
els assume dust-free gas clouds and lack the enhancement of the
line strength due to the photoelectric heating in photoionized re-
gions (van Hoof et al. 2004). If we adopt a harder α index from
α = −2.0 to −1.2, the He ii and Civ become stronger when com-
pared to Ciii]. Despite the changes of the line ratios, AGN mod-
els are generally distributed in a well-defined area on the C4C3–
C34 diagram, separated from the star-forming galaxy models, as
also shown by the “dividing” lines shown in Fig. 7 and discussed
below.
Adopting a higher gas density (nH = 105 cm−3 instead of
nH = 103 cm−3), leads to changes of the EWs and line ratios
similar to those seen in star-forming galaxies (Figs. 2 vs. 3). The
higher gas density results in a stronger Ciii] emission, typically
by a factor 2. For AGN SEDs, the maximum EW(Ciii]) is ob-
tained for metallicities close to solar. An interesting possibility
to note is that the EWs for the AGN models might be underes-
timated due to a possible attenuation of the continuum emission
from the central accretion disk for type-II AGNs in the UVwave-
length range (Sect. 2.2). If this were true, the EWs plotted in Fig.
7 would give lower-limits of EWs for a given ISM condition and
α index. If corrected for this effect, the difference between the
star-forming galaxy models and the AGNs in the two EW plots
would become much more significant (see also Sect. 4.1.2).
3.6. Star-forming galaxies with an active galactic nucleus
The UV line diagrams for star-forming galaxies with a contri-
bution from an AGN are given in Fig. 8. Two cases are pre-
sented, fAGN = 0.03 and 0.1, with 3% and 10% contributions
of AGN to the total number of ionizing photons, respectively.
Themain difference between pure star-formation andmixed star-
formation+AGN SEDs appears in the high-energy regime of
E & 50 eV (see Fig. 1). Therefore, stronger He ii emission is pre-
dicted for the star-formation+AGNmodels. Indeed, Fig. 8 shows
that only a few percent of AGN contribution strongly affects the
He ii-related line ratios. If the AGN contribution exceeds 10%
the line ratios are almost indistinguishable from those produced
from pure AGNs. The EWs of Ciii] and Civ, on the other hand,
do not change significantly even if an AGN component is added
to the ionizing radiation. The UV continuum level and the ξion
parameter are thus considered to be particularly important for
the UV EWs. If we adopt a harder α index of α = −1.2, the
carbon-to-helium ratios increase by less than ∼ 1.3, and the EWs
of Ciii] and Civ by . 1.2. Therefore, the hardness of the power-
law component has little influence on the UV diagrams. Since
the hardness of the power-law component and the AGN fraction
are degenerate, we simply fix the α index to α = −1.6 and vary
the AGN fraction in the following analyses. We note that even
the star-formation+AGNmodels cannot predict high Ciii] equiv-
alent widths EW(Ciii]) >∼ 20 Å.
3.7. Blackbodies
Figure 9 presents the UV line diagrams for blackbodies with
high effective temperatures as proxies for a harder ionizing pho-
ton spectrum by stars. The shape of the SED of the blackbody
with a temperature of Teff = 6 × 104K appears similar to those
provided by PopStar and BPASS in the range of E = 13.6–
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Fig. 9. As in Fig. 2, but for the SED of blackbody models with an effective temperature of Teff = 6 × 104, 8 × 104, and 1 × 105 K (Fig. 1d).
Fig. 10. As in Fig. 2, but for the SED of PopIII stars (blue dotted curve in Fig. 1d). A metallicity for each curve ranges from Z = 10−4 to 1 Z⊙.
∼ 48 eV. Ionizing photons with higher energies of E & 50 eV are,
however, much more abundant for the blackbody than in stel-
lar population models. Thus, stronger He ii emission is expected
with blackbody spectra. However, a warning is needed for the
EW predictions using blackbody spectra. In these models, we
use a single blackbody SED over the entire energy range. Since
these spectra show no Lyman break – in contrast to stellar mod-
els (see e.g., Raiter et al. 2010) – the predicted EWs are signifi-
cantly larger than derived from more realistic stellar population
models. For example, the maximum EW of Ciii] reaches ∼ 30Å
and ∼ 100Å for blackbodies with Teff = 6 × 104K and 105K,
respectively. Therefore, these EWs can be regarded as giving a
very conservative upper-limit, which could be achieved by an
extremely top heavy IMF at almost zero age or for spectra dom-
inated by extreme massive stars such as the popIII stars (Sect.
3.8) The increase of the Civ/Ciii] ratio with increasing temper-
ature, due to the harder ionizing spectrum, is also noticeable. If
the temperature is higher than Teff & 8×104K, the UV line ratios
and EWs become similar to those of AGN.
3.8. PopIII star
Fig. 10 shows the results if the popIII stellar spectrum is used.
The behaviour of the models in the UV line diagrams, in par-
ticular in the C4C3–C34 diagram, is quite similar to those of
the Teff = 105K blackbody models in Fig. 9. This is reason-
able, since the blackbody with a temperature of Teff ≃ 1 × 105K
provides a good approximation to the popIII SED below 912Å
(Raiter et al. 2010). Since the more realistic popIII SED of
Raiter et al. (2010) shows a Lyman break due to the hydrogen
opacity in the atmosphere of the hot stars, it possesses a higher
level of UV continuum. This results in the slightly decreased
EWs of Ciii] and Civ (by a factor of . 2) compared to the
Teff = 105K blackbody models. Overall, the UV line ratios and
the EWs of the popIII star models resemble those of AGN.
We should note that if we assume a very metal-poor gas of
Z < 10−3 Z⊙, the EW(Ciii]) becomes smaller than ∼ 1Å and
the C34 index smaller than ∼ 0.1. These popIII galaxy models
fall out of the ranges presented in Fig. 10. Therefore, the models
presented in Fig. 10 correspond to cases where the interstellar
medium is relatively evolved (enriched), while the ionizing radi-
ation field is very hot/hard as represented by pop III-like stellar
spectrum. Whether or not such conditions are realized in nature
remains to be determined.
4. Applications of the UV diagrams
We now show how the UV diagrams allow for distinction be-
tween AGN and stellar sources, and how they can be used to
constrain physical properties of the ISM and star-formation ages.
4.1. UV diagnostics to separate AGN from stellar
photoionization
The Cloudy models presented in Sect. 3 show that UV lines are
sensitive to the shape of the incident radiation field. This implies
that, in an analogous manner to that for optical lines, the UV
lines can be used to distinguish the nature of the dominant ion-
izing source, that is, stellar photoionization of AGN-dominated
objects, as already shown by earlier studies (e.g., Feltre et al.
2016; Gutkin et al. 2016). Here we discuss so-called diagnostic
diagrams based on the Ciii], Civ, and He ii lines, the three most
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Fig. 11. UV diagnostics of star formation and AGN backed up by our photoionization models (left) and observational data compiled from the
literature (right). From top to bottom, the UV lines diagrams of C4C3 versus C34 (top), EW(Ciii]) versus Ciii]/He ii ratio (middle), and EW(Civ)
versus Civ/He ii ratio (bottom) are presented. (Left) For star-forming galaxy, the SEDs provided by PopStar (solid) and BPASS (long-dashed) are
shown. For AGN, two models with different power-law indices of α = −2.0 (dotted) and −1.2 (dashed) are presented. The same color-scheme is
adopted as in Fig. 2. (Right) Blue and red symbols are star-forming galaxies and AGNs, respectively, compiled from the literature as shown in
the legend. The filled blue symbols present galaxies that are supported to be star-forming according to the optical BPT-diagnostic. The open blue
symbols are objects that lack either of the optical BPT-lines but show no sign of AGN. If the EWs and/or the fluxes are below the 2σ detections,
we apply the 2σ upper-limits for the quantities and denote them with an arrow. The black dashed curves are our proposed separating method of a
star-forming galaxy from an AGN (Eqs. (1)–(3)). The gray shaded areas show the regions where both AGN and SF models could overlap, due to
a low metallicity (C4C3–C34, top) and a high C/O ratio (EW diagrams; middle and bottom).
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prominent/informative UV emission lines, including for the first
time (to the best of our knowledge) diagnostics involving the
equivalent widths of these UV lines.
We note that we have tested and confirmed that our models
of star-forming galaxies and AGNs successfully reproduce the
optical BPT diagram (Baldwin et al. 1981; Kewley et al. 2001;
Kauffmann et al. 2003), except for the metal-poor AGN models
with Z < 0.5 Z⊙. The difficulty in isolating metal-poor AGNs
with the BPT diagram has already been pointed out by earlier
theoretical work (e.g., Kewley et al. 2013), suggesting that a dif-
ferent diagnostic might be needed for completely distinguishing
AGNs from star-forming galaxies. The UV diagnostic diagrams
we present below potentially have the ability to work for such
metal-poor AGNs.
4.1.1. Diagnostic of C4C3–C34
The top left panel of Fig. 11 shows the line ratios of Civ/Ciii]
(C4C3) and (Ciii]+Civ)/He ii (C34) for the models with the
SEDs of star-forming galaxies and AGNs. We display both the
single and binary stellar models for star-forming galaxies. For
the AGN models, we plot those for the softest and the hard-
est spectra (i.e., α = −2 and −1.2). A remarkable difference
is found in the C34 parameter between stellar and AGN mod-
els, such that AGNs tend to have a smaller C34 value for a fixed
C4C3. The difference is primarily caused by the He ii strength,
which is sensitive to the shape of the ionizing spectrum in the
very high-energy regime of E > 54.4 eV (Sect. 3).
The top-right panel of Fig. 11 shows the same C4C3–C34
diagram, illustrating now the position of observed star-forming
galaxies and AGNs collected from the literature. We note that
the compiled measurements of the Civ and He ii emission for
star-forming galaxies need to be free of any possible stellar
absorption and emission (see also Sect. 5 for the corrections
done for the VUDS Ciii] emitters). If the Civ strength is mea-
sured with the emission line component alone (without the ab-
sorption component taken into account), we simply adopt the
measured value as the nebular emission. As for the He ii emis-
sion, only a resolved narrow component is used as the nebular-
origin He ii emission (e.g., Erb et al. 2010; Vanzella et al. 2016;
Senchyna et al. 2017). Although the sample of sources remains
quite small, the difference between galaxies and AGNs on the
C4C3–C34 diagram is significant, and agrees well with our
mode predictions in the top-left panel. Using the distributions
of galaxies and AGNs in conjunction with our models, we de-
fine a method to distinguish star-forming galaxies from AGNs in
the C4C3–C34 diagram as follows:
logC4C3 < 2.5 logC34 − 1.8. (1)
We note that Eq. (1) is also largely valid if galaxies have a higher
C/O abundance ratio (Fig. 5).
Using the sample of 14 star-forming galaxies, which are clas-
sified by the optical BPT-diagnostics (Erb et al. 2010; Stark et al.
2014; Berg et al. 2016; Senchyna et al. 2017), and 81 individ-
ual AGNs, Eq. (1) gives clean samples of galaxies and AGNs
whose “classification success rates" are 92% (= 12/13)4 and
96% (= 78/81), respectively. We also note that one star-forming
galaxy (ID 111 from Senchyna et al. 2017) falls significantly
onto the AGN region. This could be because the strong He ii
emission is not well corrected for the stellar emission. One
caveat is that, as seen from the top-left panel of Fig. 11, there
4 We omit one galaxy (ID 110 from Senchyna et al. 2017) since it
cannot be classified due to its weak lower limits on the ratios.
Fig. 12. Diagram of C4C3 vs. C34 presenting photoionization models
of AGNs (red; Feltre et al. 2016) and star-forming galaxies (SFGs; blue;
Gutkin et al. 2016). The separating line of Eq. (1) consistently divides
the two populations, with a small region where metal-poor, highly ion-
ized galaxy models could contaminate the AGN area (gray shaded) as
we also indicate in Fig. 11.
is a small region in this diagram where both AGN and SF mod-
els overlap, that is, our classification may be ambiguous. This
region, with C4C3 >∼ 1 and C34 ≃ 5 – 10 which is highlighted
with a gray-shaded region, corresponds to SF models with a very
low metallicity (Z . 0.01 Z⊙) and/or a high ionization parameter
of logU & −1. So far, such a high ionization parameter or low
metallicities have rarely been reported. Using larger samples to
further test and improve the proposed classification in the future
will certainly be useful. For all other regions of this phase space
the SF and AGN models are clearly separated.
Figure 12 shows AGN and star-forming galaxy models from
Feltre et al. (2016) and Gutkin et al. (2016), respectively, on the
C4C3-C34 diagram. These models include more variants than
ours, such as dust-to-metal mass ratio, C/O abundance ratio,
IMF, and so on, and are thus useful to check our diagnostic.
Albeit with our simpler modeling, it is demonstrated that our
models and the separation criteria of Eq. (1) are nicely con-
sistent with these earlier UV modeling studies. We note that a
small fraction of the modeled star-forming galaxies contaminate
the AGN regime on the C4C3-C34 diagram. They are usually
metal-poor galaxy models with Z . 0.05 Z⊙. Practically, such
a metal-poor gas cloud is thought to be associated with a high
ionization parameter (logU & −2.5; e.g., Onodera et al. 2016;
Kojima et al. 2017). We thus do not worry about the contami-
nated models with C4C3 . 1. For the contaminated SF models
with C4C3 larger than unity and C34 ≃ 5 – 10 (gray-shaded re-
gion), such metal-poor and highly ionized galaxies could exist
and could be missed by the current method, as we have found
with our own models. We need more data to calibrate our model
predictions. We emphasize again that these earlier studies only
make use of the flux ratios. This paper additionally presents the
EWs behaviors as a function of the incident radiation field for
the first time, as presented in the following Section (Sect. 4.1.2).
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Fig. 13. EWs of Ciii] (left) and Civ (right) as a function of metallicity comparing observations (black dotted points) with our model predictions
(colored curves) for star-forming galaxies. The observations consist of nearby and high-z galaxies compiled from the literature as shown in the
legend of the left panel. The models use the single- (solid) and binary- (dashed) stellar populations at the starburst age of 1Myr adopting several
ionization parameters with a different color, as shown in the top-left panel of Fig. 11. Four objects from Amorín et al. (2017) that will be discussed
in Sect. 6.2 with IDs: 510583858, 5101421970, 5100998761, and 5100565880 are labeled as (a), (b), (c), and (d), respectively.
4.1.2. Diagnostics using EWs of Ciii] and Civ
We now discuss the use of the UV diagnostics involving line
EWs. The middle and bottom panels of Fig. 11 show the UV
diagrams of EW(Ciii]) versus Ciii]/He ii ratio and EW(Civ) ver-
sus Civ/He ii ratio, respectively. The models presented in the left
panels show that star-forming galaxies and AGNs are distributed
differently in these plots, with AGNs having an EW of Ciii] (Civ)
larger than that of star-forming galaxies at a fixed line ratio of
Ciii]/He ii (Civ/He ii). From this we propose the following de-
marcation line to distinguish between star formation and AGN:
EW(C III]) < 4 × (C III]/He II) (C III]/He II < 5)
< 20. (C III]/He II ≥ 5). (2)
Similarly, for the EW(Civ) plot:
EW(C IV]) < 3 × (C IV]/He II) (C IV]/He II < 4)
< 12. (C IV]/He II ≥ 4). (3)
Comparisons between the observed data points and our mod-
els are found in the right-hand panels of Fig. 11. Again, although
the observations are quite sparse, the EW diagnostics appear to
work exceptionally well. Only 14 and 9 star-forming galaxies
are found in the literature that can be plotted in the EW(Ciii])
and EW(Civ) plots, respectively, and that are diagnosed to be
a star-dominated galaxy by the optical BPT-diagram. All of
these objects are in the star-formation regions that we set in the
EW(Ciii]) and EW(Civ) plots. Regarding the AGN sample, we
use the Talia et al. (2017) and the Hainline et al. (2011) compos-
ite samples because most of the individual AGNs shown in the
top right panel have no published EWs. Talia et al. (2017) use X-
ray-identified type-II AGNs at z = 1.7−4.6, while Hainline et al.
(2011) rely on the high-ionizationUV lines of N vλ1240 and Civ
to construct the AGN sample at z = 2−3 (cf. Steidel et al. 2002).
Figure 11 shows that all of their composite AGNs are classi-
fied as AGN in both EW plots. In addition, a candidate AGN
at z = 7.15 named COSY is recently reported by Laporte et al.
(2017) based on the detection of high-ionization lines of N v and
He ii but the absence of Ciii] and Civ. As shown in Fig. 11 the
upper limits on C34 and the Carbon equivalent widths are com-
patible with AGN models.
As mentioned in Sect. 3.3, the maximum EWs would be-
come larger if metal-poor sources with an increased C/O ra-
tio existed. Since the carbon-to-helium ratios also scale linearly
with C/O, a simple extension of the dividing line in the range of
Ciii]/He ii < 5 and Civ/He ii < 4 in Eq. (2) and (3), respectively,
would work to find such an unusual population as illustrated with
a gray-shaded area in the middle and bottom panels of Fig. 11
We set the maximum EW of Ciii] as 45Å and that of Civ as
20Å when the C/O ratio is as high as the solar ratio (Fig. 5).
Interestingly, a few outliers are found in the star-forming galaxy
sample with high Ciii] or Civ equivalent widths in the AGN re-
gion. These are the Lynx arc (Fosbury et al. 2003), which could
however also be AGN-powered (Binette et al. 2003), the z = 3.2
super star-clusters candidate (Vanzella et al. 2017), and galaxies
at redshifts beyond 6 (Stark et al. 2015b; Schmidt et al. 2017),
which are discussed later (Sect. 7.3).
In summary, Fig. 11 nicely demonstrates that the UV line
ratios and EWs of Ciii], Civ, and He ii can be combined in a sin-
gle diagnostic diagram to identify whether the dominant ionizing
source is from star formation or AGN, and that our models agree
very well with the observations.
4.1.3. Diagnostics for LINERs
Some of the AGN models presented in Sect. 2.2 produce optical
line ratios typical of low-ionization narrow emission-line regions
(LINERs) based on the optical classification (e.g., Baldwin et al.
1981; Kewley et al. 2006). These LINER models are charac-
terized by a high metallicity (Z & 1 Z⊙) and a low ionization
parameter (logU . −2.5), both of which are consistent with
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earlier work (Kewley et al. 2006). They occupy a region on the
C4C3–C34 diagram with C4C3 . 0.1 and C34 . 1. The C4C3–
C34 diagram can thus work to discriminate between LINERs
and other AGNs. There are, however, several caveats. Since the
power source of LINERs is still under debate (e.g., Kewley et al.
2006, 2013 and references therein), it remains unclear whether
or not the LINERs included in the AGN models are complete.
Moreover, we cannot predict robust EWs for LINERs due to the
uncertainty of their UV-continuum. Therefore it is preferable to
use emission line ratios instead of EW diagrams in this case.
4.2. UV diagrams to estimate ISM properties and
star-formation age
In addition to the shape of the incident radiation field, the UV
diagrams would be helpful to infer the ISM properties such as
metallicity and ionization parameter, especially for star-forming
galaxies5. According to the C4C3–C34 diagram, the ionization
parameter of the compiled z = 2 − 4 galaxies and nearby dwarf
galaxies are in the range from logU ∼ −1.5 to −2.5 associated
with a metallicity of subsolar or smaller values. These are rea-
sonably consistent with those estimated from the optical emis-
sion lines (Christensen et al. 2012; Stark et al. 2014; Berg et al.
2016). The two highly ionized galaxies, Lynx arc (Fosbury et al.
2003) and BX418 (Erb et al. 2010), could indeed be diagnosed
as showing a very high ionization parameter of logU ∼ −1.0
to −0.5 if their metallicities are relatively high (Z & 0.1 Z⊙) as
indicated with the optical emission lines.
Once the ISM properties are well constrained, we can use
the EWs plots to estimate the star-formation age (or ξion), since
EWs of UV lines are sensitive to the ratio of ionizing to non-
ionizing UV photons (Fig. 6). Figure 13 presents the distribu-
tions of EWs of Ciii] and Civ for star-forming galaxies as a
function of metallicity, and compared to our models. Plotted
curves are our models. Except for some outliers with large un-
certainties, Fig. 13 nicely demonstrates that our models give an
upper-limit of EWs at a fixed metallicity. Many of the nearby
galaxies show a small EW(Ciii]) of . 5Å. This is because they
possess an evolved stellar population with a low ionization pa-
rameter. If we adopt an empirical relation between metallicity
and ionization parameter typically seen in the local universe;
logU ∼ −0.68 × (12 + log(O/H)) + 2.9 (Kojima et al. 2017),
nearby galaxies in the metallicity range from Z = 0.2 to 1 Z⊙
would have an ionization parameter from logU ∼ −2.5 to −3,
which are denoted by the yellow and orange curves, respectively,
in Fig. 13. It is thus obvious that the 1Myr models usually over-
predict the EW(Ciii]) for the given ISM condition, as expected,
and that these galaxies experience a much longer star-formation
of≫ 1Myr (cf. Fig. 6).
In Fig. 13, it is interesting to note that below the subsolar
metallicity, many of the compiled galaxies at any redshift show
an EW(Ciii]) larger than 10Å. This suggests that such metal-
poor galaxies require a hard ionizing spectrum or an efficient
ionizing photon production achieved by a binary stellar popu-
lation (e.g., Senchyna et al. 2017). Moreover, the 1Myr mod-
els are close to reproducing a number of low-Z galaxies with
large EWs, while we regard these models as providing EW up-
per limits for a given ISM condition. This trend indicates that
those low-Z galaxies are generally a very young population
(Jaskot & Ravindranath 2016).
Finally, we identify outlier emitters with a larger EW of Ciii]
and/or Civ than predicted by our models. Many of them are com-
5 Refer to, e.g., Nagao et al. (2006) and Dors et al. (2014) for AGNs.
Table 2. The three samples used here.
A 16 Ciii] emitters with EW(Ciii]) > 20Å
B 43 Ciii] emitters with EW(Ciii]) = 10 − 20Å
C 450 star-forming galaxies
patible with our models within their large observational errors.
A higher gas density than adopted in Fig. 13 (nH = 104 vs.
102 cm−3) would also help to alleviate the apparent discrepan-
cies at least in the Ciii] diagram as models would return an in-
crease of a factor of 1.1–1.2 in EW(Ciii]) at a fixed metallicity
in the subsolar metallicity regime (Sect. 3.1). Still, a small frac-
tion of galaxies reported in Berg et al. (2016) and Amorín et al.
(2017) might show enhanced EWs of Ciii] and Civ. This could
be because such peculiar objects possess a higher ξion parame-
ter than predicted by the binary stellar population models. An-
other possibility is that some of these objects contain an AGN.
All of the galaxies of Berg et al. (2016) are confirmed to be
star-forming based on the optical BPT diagram (Baldwin et al.
1981), while the Amorín et al. (2017)’s sample remains to be
checked. This hypothesis is revisited in Sect. 6.2 for the ob-
jects of Amorín et al. (2017). Moreover, they could have a large
C/O abundance ratio (Sect. 3.3). In this low-Z regime, the
Dopita et al. (2006) prescription we adopt gives a C/O abun-
dance ratio of logC/O ∼ −0.8. If those galaxies are more
carbon-enriched, this could explain the EWs of Ciii] and/or Civ
larger than predicted by our models. Indeed, higher C/O abun-
dance ratios than logC/O ∼ −0.8 by 0.4−0.7dex are inferred for
some of these outliers in the low-metallicity regime (Berg et al.
2016; Amorín et al. 2017). The higher C/O ratios could result
in stronger EWs than predicted by the standard models shown in
Fig. 13 in the low-metallicity regime by a factor of ∼ 2.5–5. This
trend could suggest an importance of the C/O abundance ratio
to estimate the ISM properties and the star-formation age with
the UV lines. (Sects. 6.2 and 7.1)
5. Ciii] Emitters found by VIMOS Ultra Deep Survey
VUDS identifies the Ciii] emission from large numbers of galax-
ies at redshifts z = 2 − 4 (Le Fèvre et al. 2015). Details of
the construction of the Ciii] emitter sample are summarized
in Le Fèvre et al. (2017). The sample contains individual Ciii]
emitters with rest-frame EW(Ciii]) above a detection limit of 3 Å.
Broad-line, type-I AGN are excluded from the sample. The EW
distribution has a tail toward a very high Ciii] EW beyond∼ 20Å
(see Le Fèvre et al. 2017). These strong Ciii] emitters motivate
us to create a large grid of photoionization models, providing a
crucial test of what we can learn from the Ciii] and the other UV
lines that are available from galaxies in the early universe.
In order to address the properties of the strongly Ciii]-
emitting objects we use three subsamples based on the strength
of the Ciii] emission (Table 2). Sample A contains the 16
strongest Ciii] emitters whose EW(Ciii]) is larger than 20Å.
The second strongest Ciii] emitters of 43 objects with EW(Ciii])
= 10–20Å make up Sample B. For reference, Sample C presents
all the UV-continuum-selected VUDS star-forming galaxies,
containing 450 galaxies.
Since only broad-line type-I AGN are excluded, our Ciii]
emitter sample could contain type-II AGNs. Indeed, 2 and 4
Ciii] emitters in the classes of EW(Ciii]) > 20Å and 10–20Å,
respectively, have an X-ray counterpart based on the work of
Talia et al. (2017). Since one of the motivations of this paper is
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Fig. 14. UV diagnostic diagrams with observation of individual sources and stacks from VUDS. The large yellow-filled circle, square, and
pentagon show the VUDS composites of the strong Ciii] emitters (EW(Ciii])>20Å, Sample A), the intermediate Ciii] emitters (EW(Ciii]) = 10 –
20Å, Sample B), and all star-forming galaxies identified by VUDS (Sample C), respectively (Le Fèvre et al. 2017; see Table 2). The smaller black
open circles and squares are the individual VUDS objects in samples A and B, respectively, whose Ciii] is identified at the > 5σ significance level
(Le Fèvre et al. 2017). The VUDS objects marked with a red diamond are type-II AGN candidates. The green crosses show metal-poor compact
galaxies found by VUDS (Amorín et al. 2017). The four objects highlighted in 6.2 are labeled as (a)–(d), as in Fig. 13.
to understand the nature of the strong Ciii] emitters, we do not
eliminate these likely type-II AGNs at this stage. We use them
subsequently to test our UV emission line diagnostics.
For a detailed analysis of the UV lines of the Ciii] emitters
we need several emission lines to be significantly identified. In
this paper we use three UV lines: Ciii], Civ, and He ii recombi-
nation. We therefore make composite spectra in the three sam-
ples to increase the S/N ratios of the important UV emission
lines. For Sample A whose sample size is quite small, we adopt
a median stacking of the normalized individual spectra to get
a representative composite spectrum. For Samples B and C we
simply average the normalized spectra. The composite spectra
of the three samples are presented in Le Fèvre et al. (2017). The
necessary emission lines are clearly identified except for the Civ
in Sample C. The absence of the Civ emission in Sample C is
due to the strong Civ absorption by the stellar population as
indicated by the P-Cygni profile. To correct the Civ measure-
ments for stellar absorption, we use EW(Civ) = −3.0Å as ob-
tained from the composite spectrum of all star-forming galax-
ies in VUDS with Lyα in absorption (Le Fèvre et al. 2015), with
the idea that this would minimize the contribution from galax-
ies with some Civ emission, and hence produce a Civ value
more representative of the stellar absorption value. This value
is quite close to that found by Shapley et al. (2003), but is best
used for our VUDS samples. We note that the EW correction
is valid only if the Civ strength is measured in the same way,
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Table 3. UV line EWs (rest) and fluxes of the three composite spectra.
EW (Å) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Flux ratio relative to Ciii] - - - - - - - - - - - - - - - - - - - - - - - - - -
Ciii] Civ Civcorr(1) He ii He iicorr(2) Ciii] Civ Civcorr(1,3) He ii He iicorr(2,3)
A 23.5+1.6
−1.8 4.4
+0.6
−0.5 7.4
+0.6
−0.5 4.3
+0.7
−0.4 3.3
+0.7
−0.4 1. 0.31 ± 0.03 0.63
+0.11
−0.11 0.27 ± 0.03 0.24
+0.06
−0.05
B 11.1+1.2
−1.1 2.4
+0.5
−0.2 5.4
+0.5
−0.2 3.2
+0.5
−0.3 2.2
+0.5
−0.3 1. 0.37 ± 0.02 1.03
+0.14
−0.23 0.49 ± 0.03 0.40
+0.11
−0.08
C 2.2+0.3
−0.2 −2.8
+0.2
−0.1 0.2
+0.2
−0.1 1.1
+0.2
−0.1 0.1
+0.2
−0.1 1. −0.23 ± 0.07 0.02
+0.02
−0.01 0.52 ± 0.05 0.04
+0.10
−0.08
(1) Civ strength corrected for stellar absorption. (2) He ii strength corrected for stellar emission. (3) Corrected for reddening (see Sect. 5).
that is, over the wavelength range of both the Civ absorption and
emission components. Another caveat is that the He ii emission is
known to be a composite of the stellar and nebular emission (e.g.,
Brinchmann et al. 2008; Erb et al. 2010). Since our photoioniza-
tion models can only predict the nebular emission, we need to
subtract the stellar He ii component before comparing with our
photoionization models. In this paper, we assume the EW of the
stellar He ii emission is 1.0Å, which is predicted by models of
Brinchmann et al. (2008) with metallicities below the solar value
at ∼ 10Myr or older. Although the stellar component could be
stronger if the binary stellar evolution is taken into account (e.g.,
Erb et al. 2010; Steidel et al. 2016), we cannot further constrain
its strength with the currently available data set.
To correct for the reddening effects on the line ratios, we rely
on the UV slope β directly obtained from the VUDS spectra. The
UV slopes of β = −1.68, −1.61, and −0.92 are inferred from
the spectra of Samples A, B, and C, respectively (Le Fèvre et al.
2017). Using the SMC extinction curve that is preferred for high-
z galaxies (e.g., Reddy et al. 2017), these UV slopes correspond
to Es(B − V) = 0.08, 0.09, and 0.15 for Samples A, B, and C,
respectively. We correct for the reddening of the line ratios us-
ing the Es(B − V) value for each sample using the SMC extinc-
tion law (Gordon et al. 2003), assuming that the reddening of the
nebular emission and stellar continuum are identical. Although
we understand this assumption remains open to debate espe-
cially at high-z (e.g., Förster Schreiber et al. 2009; Reddy et al.
2010), we adopt it for the Ciii] emitters because it is considered
to be reasonable for actively star-forming galaxies at high-z (e.g.,
Reddy et al. 2015). The correction for the Civ/Ciii] ratio, which
is the most reddened ratio presented in this paper, for example, is
a factor of 1.22, 1.25, and 1.45, for Samples A, B, and C, respec-
tively. Although the UV slope for Sample C is less steep than
reported by Hathi et al. (2016) with a larger sample of VUDS,
β = −1.36 ± 0.02, this is likely because the Hathi et al. (2016)’s
sample contains fainter, and thus bluer galaxies. We do not add
the errors of the βmeasurements (∆β=0.02 – 0.08) as well as the
difference between Sample C and the Hathi et al. (2016)’s sam-
ple to the corrected line ratios since they are much smaller than
the errors originating from the corrections for the stellar emis-
sion / absorption for the Civ and He ii emission. As for the EWs,
we adopt the observed values divided by (1 + z) as the intrin-
sic ones under the assumption that the reddenings of the nebular
emission and stellar continuum are the same.
The EWs and fluxes of the UV lines for the three composite
spectra are given in Table 3, taken from Le Fèvre et al. (2017).
Both the observed and corrected values are listed for the Civ and
the He ii emission. The individual spectra of the Ciii] emitters in
Samples A and B are corrected in exactly the same way for each
sample.
6. The nature of the Ciii] emitters from VUDS
We now examine the observed VUDS sources, both stacked
spectra and individual sources, in the three UV diagnostic di-
agrams of Fig. 14, and we use them to infer properties of the
incident radiation field and the ISM of the Ciii] emitters in the
following subsections.
6.1. Stack of all VUDS star-forming galaxies at z ∼ 3
The sample of all galaxies in VUDS (Sample C, Table 2) in-
cludes by definition all galaxies that are Ciii] emitters, in addition
to all other star-forming galaxies. As shown in Fig. 14 this sam-
ple (yellow-filled pentagon) falls into the star-forming galaxy re-
gions in all of the three UV diagnostic diagrams, as expected.We
have confirmed that individual sources, most of which present
only the Ciii] line, show line ratios and EWs consistent with
those of the composite. Since such individuals provide poor con-
straints on the properties based on the UV diagrams, we only
adopt the composite of Sample C to discuss the properties in this
Section.
We now examine if the UV diagrams properly characterize
the physical properties of galaxies in Sample C (Fig. 15). We
first look into the line ratios of the C4C3–C34 diagram because
the EW plots depend on the age of the current star formation
as well as the ISM condition and the incident radiation field
(Sect. 3.4). We adopt the binary stellar populationmodels, which
is preferred for high-z star-forming galaxies (e.g., Steidel et al.
2016). Comparisons with the single stellar population models
are presented later. The Civ/Ciii] ratio and the C34-index of the
Sample C composite give constraints on the metallicity and ion-
ization parameter of (Z, logU) from (0.3 Z⊙, −2.7) to (0.5 Z⊙,
−3). Next, we consider the EW plots, especially the EW(Ciii])
plot. The composite of Sample C has large errors in the EW(Civ)
plot due to the uncertain contribution to EW(Civ) from stellar
populations. In the EW(Ciii]) plot, the ISM properties of (Z,
logU) = (0.3 Z⊙, −2.7) – (0.5 Z⊙, −3) predict EWs(Ciii]) larger
than the observed value by a factor of 3.3 – 3., while the pre-
dicted Ciii]/He ii ratios agree with the observed ratio. This dis-
crepancy is easily resolved by adopting ages of ∼ 200 (50)Myr
for Z = 0.3 (0.5)Z⊙ instead of the unrealistically young 1Myr
old population adopted by default (cf. Fig. 6). Therefore, the UV
diagnostics tell us that typical star-forming galaxies at z = 2 − 4
present a set of physical properties of (Z, logU, age) ∼ (0.3 Z⊙,
−2.7, 200Myr) – (0.5 Z⊙, −3, 50Myr). Compared with the prop-
erties studied by other galaxy surveys at similar redshifts (e.g.,
Shapley et al. 2003; Mannucci et al. 2009; Onodera et al. 2016),
the estimated ISM properties and age are in reasonably good
agreement. The best-fit model (see Fig. 15) underestimates the
EW(Civ) if the age of ∼ 200Myr is considered, albeit being
consistent within the 2σ error. This illustrates the difficulty of
using the EW(Civ) plot alone to estimate the physical quantities,
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Fig. 15. Comparison with the composite of all VUDS star-forming galaxies (Sample C; yellow-filled pentagon) and the best fit model (red open
diamond). The model is provided by the BPASS-300bin incident radiation with Z = 0.33 Z⊙, logU = −2.75, and the age of 100Myr. In the two
EW plots, a red cross presents the best-fit model at 1Myr as derived directly from the plotted model tracks. The decrease of EW by ×3.3 and ×3.5
corresponds to the age effect for the Ciii] and Civ, respectively, if the longer star-formation age of 200Myr is adopted (Fig. 6).
since an accurate correction for stellar Civ absorption is needed,
which requires a high S/N and high spectral resolution, difficult
to obtain at these redshifts.
In the similar method adopted for the binary models, we de-
rive the best-fit parameters using the PopStar single star models
as follows: (Z, logU, age) ∼ (0.5 Z⊙, −3, 4Myr) – (0.2 Z⊙, −3,
10Myr). A notable difference when using these models com-
pared to the best binary models is that they output a younger
age of star formation of less than 10Myr. One reason is that
the binary models usually predict a larger maximum EW, which
yields a larger gap between the maximum and the observed EW.
Another is that the EW becomes weak more rapidly in the sin-
gle stellar models if compared with the binary models (Fig. 6).
These two factors result in a younger age for the current star for-
mation from the single stellar population models. It is unlikely
that the population of star-forming galaxies at these redshifts
typically shows such a young starburst age. Furthermore, the
ionization parameter of logU ∼ −3 is smaller than estimated by
earlier studies and for its relatively low-metallicity environment
(e.g., Nakajima & Ouchi 2014; Onodera et al. 2016). The dis-
crepancy between the predicted and observed (corrected) EWs of
Civ becomes worse over the 2σ uncertainty in the single stellar
models. Therefore, it is suggested that the binary stellar popula-
tion models lead to a better and more reasonable agreement with
the observation of typical star-forming galaxies at z = 2−4. This
argument is consistent with the other individual studies (Sect.
4.2; Steidel et al. 2016; Jaskot & Ravindranath 2016).
6.2. Amorín et al. (2017)’s objects
Before moving to the stronger individual Ciii]-emitter samples,
we re-examine the ten metal-poor compact galaxies found in
VUDS at z ∼ 3 by Amorín et al. (2017). These objects have
an intermediately strong Ciii] EW ranging from 5.5 to 21.5Å
(median value: 11.5Å). They are plotted with green crosses in
Fig. 14, corrected for the possible stellar He ii emission in the
same way as done for the other VUDS objects (Sect. 5). Since
Amorín et al. (2017) measure the Civ by fitting only the emission
component, we simply adopt their measurements as the nebu-
lar Civ strength. This sample is considered to be almost dust-
free given a typical UV slope of β = −2.36. We therefore do
not correct for the reddening since the effects on the line ratios
are minimal. Figure 14 demonstrates that the line emission of
the Amorín et al. (2017)’s objects is typically explained by star-
formation as the ionizing source. A non-detection in X-ray also
disfavors bright AGNs. However, a relatively large scatter of the
sample is also visible in the diagrams. Six out of the ten objects
are diagnosed as being powered by pure star formation from all
three UV diagrams. We now discuss the remaining f our sources
(labeled (a)–(d) in Fig. 14) in detail.
Among the four objects, one (ID 510583858; z = 2.4; la-
beled (a) in Fig. 14) falls into the AGN regime in all three dia-
grams, irrespective of the corrections for the stellar He ii emis-
sion. Based on our diagnostics, this object is considered to be
powered by AGN or mixed SF + AGN with fAGN & 0.1. Two
other objects (ID 5101421970 and 5100998761; z = 2.5 and
2.4; (b) and (c) in Fig. 14, respectively) fall into the AGN re-
gions, albeit close to the border. Their incident radiation field
appears to be harder than that produced by pure star forma-
tion, and a SF + AGN model or a soft AGN model can repro-
duce their UV lines strengths. If true, the metallicities derived
by Amorín et al. (2017) for these sources might not be accurate.
Specifically, the object (c) with ID 5100998761 is reported to
have the lowest metallicity among the sample (Z ∼ 0.05 Z⊙), be-
ing an outlier in Fig. 13 having an EW(Ciii]) too strong for its
metallicity to be explained by our star-formation models. This
could be because the object is (partly) powered by an AGN-like
hard ionizing source. If we adopt a hybridmodel of SF +AGNof
fAGN = 0.076 the object is estimated to have a four times higher
metallicity of Z ∼ 0.2 Z⊙, falling on a simple extrapolation of
the mass-metallicity relation at z ∼ 2.3 (Steidel et al. 2014).
Interestingly, the other two objects (a) and (b) (ID 510583858
and 5101421970, respectively) are suggested to be the two most
massive galaxies in the sample (3 − 4 × 109 M⊙) and to fall
significantly below the mass-metallicity relation (Amorín et al.
2017). In the SFR–M⋆ relation, they are almost in the star for-
mation main sequence. This is in contrast to the other six pure
star-forming metal-poor galaxies, which lie well above the star-
formation main sequence. If we include an AGN ionizing spec-
trum, we find higher metallicity estimates than Amorín et al.
(2017), and this would possibly affect their conclusions. If we
6 The fraction is inferred for the Ciii] emitters in VUDS (below). We
simply linearly interpolate the models with the AGN contributions of
fAGN = 0.03 and 0.1.
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Fig. 16. Comparison with the composite of intermediately strong Ciii] emitters (Sample B; yellow-filled square) and the two best-fit models
(magenta open diamond and orange open square). The two best fit models are provided by PopStar+AGN models with AGN contribution of
fAGN = 0.06 – 0.1, fixing the C/O abundance ratio to the solar value logC/O = −0.3. The magenta symbol corresponds to the low-Z branch
solution of Z ∼ 0.02 Z⊙, and the orange to the high-Z branch solution of Z ∼ 0.2 Z⊙. The crosses are the same as in Fig. 15. The individual objects
in Sample B are also plotted (symbols as in Fig. 14).
adopt the SF+AGN hybrid models, the line ratios and EWs of
object (a) can be reproduced by either a high-Z (Z = 0.5–1 Z⊙)
or a low-Z (Z ∼ 0.05 Z⊙) model with fAGN = 0.1. If the former
solution is correct, this object is almost ten times more metal-
rich than originally inferred by Amorín et al. (2017). In the same
way, the object (b) is best-fitted by a fAGN = 0.06–0.1 model
with a metallicity of Z = 0.1–0.2 Z⊙, which is a factor of 2–
3 higher than the original value. Moreover, if those objects are
assumed to be completely powered by AGN (α = −1.6), they7
could have a metallicity of Z = 1–2 Z⊙ with a very high ioniza-
tion parameter logU ∼ −1 or a very low metallicity (Z = 0.05–
0.1) with logU ∼ −2. Although we cannot reach a firm conclu-
sion with the current data set, this demonstrates the importance
of the shape of the incident radiation field when discussing ISM
properties derived from the UV emission lines (Sect. 7.1).
The object ID 5100565880 ((d) in Fig. 14), showing the
highest EWs of Ciii] and Civ (∼ 20Å) among the sample of
Amorín et al. (2017) deserves special mention; also since it re-
sembles many objects from the high-EW sample (A) discussed
later. From the high EWs this source is classified as AGN,
whereas it falls in the star-formation regime in the C4C3-C34
diagram. A hint to understanding this puzzling object is pro-
vided by the C/O abundance ratio. This object shows a weak
O iii]λ1665 doublet with respect to the strong carbon emission
lines. Amorín et al. (2017) thus derive an exceptionally high
C/O abundance ratio, logC/O = −0.38 ± 0.1, for its low metal-
licity of Z ∼ 0.08 Z⊙. This C/O ratio is close to the solar abun-
dance ratio (logC/O = −0.26), a factor of ∼ 2.5 higher than
predicted by the Dopita et al. (2006)’s formula for its metallicity.
The high C/O abundance for its metallicity explains the “boost”
of the Ciii] and Civ EWs of this object, and hence its unusual
location in Fig. 13 as well as Fig. 14, in accordance with the fact
that the EWs scale approximately linearly with C/O (Sect. 3.3).
This also suggests that the classifications using the EW plots
could diagnose a galaxy as AGN if it possesses an enhanced C/O
abundance ratio.
In summary, Amorín et al. (2017)’s sample is mainly ex-
plained by star-formation as the ionizing source with a low
metallicity. However, it could contain three objects that are, in
7 In this case, we use the line ratios and EWs uncorrected for the stellar
He ii emission.
part, powered by an AGN-like hard ionizing spectrum, and their
metallicities could be higher than originally estimated if the
harder ionizing spectrum is taken into account. Moreover, one
source from Amorín et al. (2017) shows a very high C/O abun-
dance ratio, and presents boosted EWs of Ciii] and Civ for its
ISM condition.
6.3. Intermediate Ciii] emitters with EW(Ciii]) = 10–20Å
Next, we examine the properties of the objects in Sam-
ple B, composed of intermediately strong Ciii] emitters with
EW(Ciii])=10–20Å, using the diagnostics shown in Fig. 16.
6.3.1. Stars versus active galactic nuclei
As seen from Fig. 16 (cf. also Fig. 14), the composite of Sam-
ple B (yellow-filled square) falls on the border between the star-
forming galaxy and the AGN regions. Individual objects in this
class (black open squares) are distributed widely on the UV di-
agnostics. These trends suggest this galaxy population has an in-
cident radiation field that is not fully explained by either a pure
star-formation or an AGN. Based on our UV diagnostics, ∼ 28%
of the sample is suggested to be likely star-forming galaxies, and
∼ 34% are likely AGNs or objects reproduced by a SF + AGN
model. The rest are uncertain due to a weak constraint on the
He ii and/or Civ strengths.
Sample B includes four X-ray-identified type-II AGN can-
didates (Sect. 5). They are marked with a red diamond in Fig.
16, all being classified as AGNs based on the UV diagrams. This
further confirms that these classification diagrams can be reliably
used to separate star formation from AGN.
In the following, we examine how different models can ex-
plain the properties of the composite Sample B.
6.3.2. Mixed SF + AGN models
To infer the typical properties of Sample B, we reproduce the line
ratios and EWs of the composite of Sample B with our models.
Since the composite falls on the border between the star-forming
galaxy and the AGN regions in Fig. 14, one simple interpretation
of this population is that the shape of the incident radiation field
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is a combination of stellar population and AGN. Indeed, the mea-
surements are reproduced by a hybrid model with an AGN con-
tribution of fAGN ∼ 0.07, ISM properties of (Z, logU) = (0.2 Z⊙,
−1.5), and the current star-formation age of ∼ 3Myr. We note
that the AGN component becomes significant in the high-energy
regime of E & 40 eV. Adding the hard ionizing AGN spectrum to
the stellar light implies that galaxies with a relatively strong Ciii]
emission typically require a harder ionizing spectrum than pro-
duced by conventional stellar population synthesis codes. The
binary stellar evolution might not be sufficient to fully reproduce
these strong Ciii] emitters. If the SF + AGN hybrid model is cor-
rect, a concern remains, however, as to whether such a high ion-
ization parameter (logU = −1.5) is compatible with a relatively
metal-enriched gaseous condition (Z = 0.2 Z⊙). Previous stud-
ies have suggested that galaxies with Z = 0.2 Z⊙ typically have
an ionization parameter of logU = −2.5 irrespective of redshift
(e.g., Onodera et al. 2016; Kojima et al. 2017). If the best-fit pa-
rameters are correct, Sample B on average would have an ion-
ization parameter higher than expected from the metallicity by
nearly one order of magnitude. The presence of AGN could con-
tribute to increase the ionization parameter for its metallicity.
Other studies may be needed to further corroborate this result
and interpretation. Another possible issue of the model is an un-
derestimation of the flux of the O iii]λ1665 doublet, which is not
explicitly visible in the UV diagrams but is significantly detected
in the composite spectrum (Le Fèvre et al. 2017). This indicates
that the assumed C/O ratio, given the measured oxygen abun-
dance, may not be correct for the composite of Sample B, as it is
for the default models (Sect. 3.3). This issue is revisited in Sect.
6.3.6.
6.3.3. Pure AGN models
If a pure AGN is assumed, a caution is that we should not cor-
rect for the stellar Civ absorption and the He ii emission for
the observed line strength (Sect. 5). If we assume the observed
Civ and He ii emission are entirely of nebular origin, the com-
posite of Sample B would marginally fall in the AGN regime
in the C4C3–C34 and EW(Ciii]) plots and become compatible
with a faint (α = −2.0) AGN model with ISM properties of (Z,
logU) = (0.2 Z⊙, −2). However, the best-fit model predicts an
EW(Civ) much larger than observed. Given the caution in Sect.
2.2 that EWs of our AGN models can be larger if the attenua-
tion of UV-continuum by torus is more properly considered, the
disagreement of the EW(Civ) (and possibly that of EW(Ciii]))
would become much larger. Moreover, the composite of Sample
B presents a Civ emission with a weak P-Cygni profile. We thus
consider that Sample B should be dominated by a stellar popu-
lation on average.
6.3.4. Pure SF models
Allowing for uncertainties in the corrections for the He ii and the
Civ lines, there remains another possibility that the composite
of Sample B could be explained by a pure star-formation model
if the correction applied to He ii for the stellar contribution is
too small. If the observed He ii emission is dominated by stellar
emission (∼ 90%), Sample B could be reproduced by a binary
stellar populationwith the ISM properties of (Z, logU)∼ (0.1 Z⊙,
−1.5) – (0.15 Z⊙, −1.0) and with a starburst age of less than a few
Myr. Under this assumption, the stellar He ii emission would be
∼ 3Å. However such a large EW(He ii) is only expected from a
stellar population with metallicities of Z > 1 Z⊙ and ages of &
10Myr (Brinchmann et al. 2008); both of which are inconsistent
with our estimations based on the UV diagrams. Therefore, we
conclude that an ionizing field coming only from star formation
is unlikely to explain the properties of this galaxy sample.
6.3.5. Blackbody SEDs
We explore blackbody spectra as an alternative explanation.
Blackbodies with a high temperature could produce enough
high-energy ionizing photons to explain the relatively strong
He ii emission and the large EWs of Ciii] and Civ seen in Sam-
ple B. Indeed, a model with ISM properties of (Z, logU) =
(∼ 0.2 Z⊙, −0.7) using a temperature of T ∼ 6 × 104K could be
consistent with the UV lines and EWs. However, as mentioned
earlier, blackbody spectra may be unrealistic and hence predict
large EWs due to their very high ξion parameter, log ξion/erg−1Hz
= 26.2 for T ∼ 6 × 104K, which is much higher than typi-
cally found in high-z galaxies (log ξion/erg−1Hz = 25.3 ± 0.3;
Bouwens et al. 2016). This fit shows that Sample B could be
explained with the properties above if such an efficient ioniz-
ing photon production is achieved. We note that values as high
as log ξion/erg−1Hz ∼ 26 can be reached in the BPASS 300bin
models if the lowest metallicity (Z = 0.05 Z⊙) and the youngest
starburst age (1Myr) are adopted. In this case one would need to
invoke a significantly lower stellar metallicity compared to the
gas phase value to mimic the blackbody case (cf. Steidel et al.
2016). Furthermore, we have indicated in Sect. 3.8 that a popIII-
like stellar spectrum is approximated by a high-temperature
blackbody. It could thus be claimed that Sample B has an ex-
tremely young stellar population, although it is unclear if such a
population is associated with a relatively enriched (Z ∼ 0.2 Z⊙)
ISM condition.
6.3.6. High C/O abundance
One uncertainty in the above model fits is the C/O abundance
ratio. As mentioned in Sect. 3.3, the Ciii] and Civ EWs would
be larger than predicted by the standard models if the sources
turn out to be more carbon-enriched for their oxygen abun-
dance. This could also affect the estimates of the ISM condi-
tions. In order to assess this possibility, we use the method of
Pèrez-Montero & Amorín (2017) to estimate the C/O ratio from
the (Ciii]+Civ)/O iii] ratio8, for the composite of Sample B. We
find a high ratio log (Ciii]+Civ)/O iii] ∼ 1, which corresponds
to an abundance ratio logC/O ∼ −0.3. which is usually found in
chemically evolved galaxies (Z ∼ 1 Z⊙). Therefore, the high C/O
abundance ratio indicates that the sources of Sample B should
have a solar metallicity or a higher carbon-to-oxygen abundance
ratio than expected for its oxygen abundance.
To be more quantitative, we adopt the models with a fixed
C/O abundance ratio of logC/O ∼ −0.3 instead of the lower
values as detailed in Section 3.3 from the prescription of
Dopita et al. (2006). Using models with the high C/O abundance
ratio, we find that the composite of Sample B is nicely explained
by hybrid models combining star formation and AGN. The best-
fit models include two different sets of ISM properties, one is a
low-Z solution; (Z, logU, age, fAGN) = (0.02 Z⊙, −1.7, 6Myr,
0.085) – (0.025 Z⊙, −1.65, 8Myr, 0.1), and another is a high-Z
one; (Z, logU, age, fAGN) = (0.2 Z⊙, −1.0, 8Myr, 0.1) – (0.25 Z⊙,
−0.75, 3Myr, 0.07). Figure 16 shows the two best-fit models.We
8 See Eq. (7) of Pèrez-Montero & Amorín (2017). This equation could
overestimate the C/O abundance ratio for a metal-rich (Z & 0.5 Z⊙),
low-ionization parameter (logU . −3) galaxy.
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Fig. 17. Comparison with the composite of strong Ciii] emitters (Sample A; yellow-filled circle) and the two best fit models (red open diamond and
orange open square). The models are provided by the PopStar+AGN model with the AGN contribution of fAGN = 0.08, fixing the C/O abundance
ratio to log C/O = −0.45. The magenta and orange symbols show the low-Z and high-Z branch solution, respectively, as shown in the legend. The
crosses are the same as in Fig. 15. The individual objects in Sample A are also plotted (same symbols as Fig. 14). Objects that are diagnosed to be
AGN-powered with the UV diagrams but not X-ray detected are marked with a red dagger.
have also checked with our models that the (Ciii]+Civ)/O iii] ra-
tio becomes as high as observed if the high C/O ratio is adopted.
Pure star formation would predict overly high carbon-to-helium
line ratios, and adding an AGN is necessary to lower the ratios
as seen in the composite spectrum. Although we do not have
any definitive clue to determine which metallicity solutions are
preferred, we consider the low-Z solution of Z ∼ 0.02 Z⊙ more
likely since it leads to a better agreement with the known Z–
logU relation. If the best-fit model is correct, the C/O abun-
dance ratio is ∼ 3.5 times higher than predicted by the relation
of Dopita et al. (2006) for its low metallicity. The physical cause
for the high C/O abundance remains to be determined, and is
briefly discussed below in Sect. 7.2.
6.3.7. Summary for intermediate-strength emitters EW(Ciii])
= 10 − 20Å (Sample B)
In summary, the most likely interpretation of the composite of
Sample B calls for a star-forming galaxy with a small contribu-
tion (∼ 7 − 10%) of an AGN-like hard ionizing radiation field,
having an overabundance of carbon for its metal-poor condi-
tion (Z = 0.02 Z⊙). However, the standard prescription of C/O
ratio as a function of metallicity could also reproduce the UV
lines’ fluxes and EWs. The latter case requires an ionizing spec-
trum as hard, and an ionization parameter as high, as in the for-
mer case, but has a metallicity higher by an order of magnitude
(Z ∼ 0.2 Z⊙). To reach a more definitive conclusion, we need
further observations, especially of the rest frame-optical nebular
emission lines, to confirm the ISM properties. The possible but
more hypothetical blackbody model can be tested with the ξion
parameter, which will be directly estimated with the Hydrogen
Balmer line luminosity as described in Sect. 6.4.2.
The above discussion is based on the composite of Sample
B. As we note early in this Section, the sample contains a vari-
ety of objects with at least ∼ 28% nebular emission produced
by a stellar ionizing spectrum. With our models, the likely star-
forming galaxy population in this class is typically reproduced
by a low-metallicity (Z = 0.05 to 0.2 Z⊙, or could be smaller),
high-ionization-parameter (logU = −1 to −2) model including
binary stars. The age of the current star formation is predicted to
be approximately 30Myr or shorter, and the ξion parameter to be
log ξion/erg−1Hz ∼ 25.55 or as high as 25.7. This population is
thus likely equivalent to the low-Z galaxy population selected by
the Ciii]+O iii] emission in VUDS (Amorín et al. 2017). Hence
the sample could contain a variety of objects, including low-
metallicity star-forming galaxies, pure AGNs, and objects with a
hard ionizing spectrum reproduced by a mix of stars and AGN.
6.4. Strongest Ciii] emitters with EW(Ciii]) > 20Å
Finally, we discuss the properties of Sample Awhose Ciii] equiv-
alent widths are larger than 20Å, and whose line properties are
shown in Figs. 14 and 17.
6.4.1. Stars versus active galactic nuclei
As shown in Fig. 14 (or also Fig. 17) these sources occupy di-
verse areas in our SF–AGN diagnostic diagrams. Five sources,
representing ∼ 30% of sample A, are consistently found in the
AGN area of the three diagrams, suggesting a clear AGN clas-
sification. Of these five sources, two turn out to be detected in
X-rays and identified as type-II AGN by Talia et al. (2017). The
other three are highlighted with a red dagger in Fig. 17. Atten-
tion is now focused on the remaining ∼ 70% of sample A that
are more puzzling. In the C4C3–C34 diagram on Fig. 17, all of
them (i.e., black circles without a red diamond or a red dagger)
fall in the star-formation region. On the other hand, all show an
EW of Ciii] that exceeds the limit found by standard stellar popu-
lation models, as well as an EW(Civ) exhibiting a similar behav-
ior. The apparent inconsistency suggests that this small galaxy
population has unusual properties regarding their incident radia-
tion field and/or ISM condition.
We now explore the Cloudymodels with the several different
incident radiation fields as presented in Sect. 2 to constrain the
nature of this sample. For this purpose we first use the median
composite of the sample to investigate the detailed properties.
6.4.2. Blackbody models
Normal star-forming galaxies cannot have such a large EW(Ciii])
even with the binary stellar populations at the youngest star-
burst age of 1Myr. Pure AGNs are unlikely scenarios since the
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Table 4. Summary of the inferred properties of the VUDS Ciii] emitters.
Sample Percentile Input radiation Z (Z⊙) logU logC/O Age (Myr) log ξion (erg−1Hz)
A ∼ 30% pure AGN – – – – –
∼ 70% PopStar+AGN 0.1 · · · 0.2 −1.75 · · · −1.5 −0.45 · · · −0.3 ∼ 3 25.7 · · · 25.75
(On average ) ( fAGN = 0.08+0.02−0.05)
B & 34% pure AGN – – – – –
& 28% BPASS 300bin 0.05 · · · 0.2 −2 · · · −1 −0.8 · · · −0.6 . 30 25.55 · · · 25.7
On average PopStar+AGN 0.02 · · · 0.025 −1.7 · · · −1.65 −0.3 6 · · · 8 25.6 · · · 25.7
( fAGN = 0.07 – 0.1) or 0.2 · · · 0.25 −1.0 · · · −0.75 −0.3 3 · · · 8 25.55 · · · 25.7
C On average BPASS 300bin 0.3 · · · 0.5 −3.0 · · · −2.7 −0.6 · · · −0.4 50 · · · 200 25.3 · · · 25.4
relatively weak He ii emission to the other metal lines is in-
compatible with any AGN model. Through the analyses using
SF+AGN, blackbody, and PopIII star as an incident radiation
field, we find only one explanation for Sample A: the SED of a
high-temperature blackbody. The blackbody model with Teff ∼
6.5 × 104K can reproduce the EWs and the flux line ratios with
an ISM condition of (Z, logU, nH) = (∼ 0.1 Z⊙, −1.6, 104 cm−3).
Again, as discussed in Sect. 6.3.5, if the blackbody model were
to give the best-fit to the UV spectrum, the objects in this sam-
ple would require a very high ξion parameter (log ξion/erg−1Hz
= 26.2) plus a hard ionizing spectrum. However, it remains un-
clear if such an efficient ionizing photon production is achievable
with stellar populations. In the study of Bouwens et al. (2016)
a small number of galaxies is suggested to have a ξion param-
eter as high as log ξion/erg−1Hz ∼ 25.8 for the bluest galax-
ies. Even Lyα emitters that are considered to present a strong
Ciii] emission (cf. Stark et al. 2014; Rigby et al. 2015) possess
a ξion parameter reaching at maximum log ξion/erg−1Hz = 25.8
at z ∼ 3 (Nakajima et al. 2016). Although a higher ξion would
be expected for these galaxies if their escape fraction of ioniz-
ing photons was non-zero, potential local counterparts of high-z
galaxies, so called green pea galaxies, show a relatively mod-
est ξion parameter (log ξion/erg−1Hz ∼ 25.0 – 25.6) after correc-
tion for the amount of escaped ionizing photons (Schaerer et al.
2016). In conclusion, sources with a very high ionizing photon
production per UV luminosity (log ξion/erg−1Hz > 26), corre-
sponding to the blackbody spectrum which can explain Sample
A, are not known so far and are difficult to justify theoretically.
6.4.3. High C/O abundance
An alternative explanation to reconcile the high EWs of Ciii] and
Civ – indicative of AGNs – and the position in the C4C3–C34
diagram, which indicates stellar photoionization, is to invoke a
high C/O abundance, following the case of the individual source
ID 5100565880 and possibly the composite of Sample B dis-
cussed earlier (Sects. 6.2 and 6.3.6). Using the (Ciii]+Civ)/O iii]
ratio and the method of Pèrez-Montero & Amorín (2017) we es-
timate a typical C/O ratio of this class of logC/O = −0.45.
With the relatively high C/O ratio we re-analyze the compos-
ite through the several incident radiation fields, finding that the
composite is reproduced by SF + AGN models. The best-fit
model has the ISM properties of (Z, logU, age) = (0.1 Z⊙, −1.75,
3Myr) – (0.2 Z⊙, −1.5, 3Myr) with a fraction of AGN-like hard
ionizing radiation field of fAGN ∼ 0.08. If the best fit model
shown in Fig. 17 is correct, the C/O ratio would be elevated by
0.2 – 0.3 dex compared with the standard models.
6.4.4. The nature of the strongest emitters in Sample A
The individual sources included in Sample A are also shown in
Fig. 17. As mentioned earlier (Sect. 6.4.1), ∼ 30% of this sam-
ple are clearly identified as AGN. Interestingly, the other domi-
nant population, which is represented by the median composite,
shows only relatively little variety. Based on our method using
the C4C3–C34 diagram, all of them are diagnosed as being star-
forming galaxies, while their large EWs of Ciii] and Civ are in-
compatible with any standard model of star-formation. The most
likely scenario for this puzzling but interesting population is that
it is made of star-forming galaxieswith a small contribution from
an AGN-like hard ionizing radiation field. We derive the prop-
erties for the individual sources in the same manner as for the
composite, finding that they require a radiation field made up of
a mixture of a young stellar population plus an AGN component
with fAGN = 3 – 10% and possess a moderately high C/O ratio
from log C/O = −0.45 to −0.3 for their subsolar metal condition
(Z = 0.1 – 0.2 Z⊙). These properties are well represented by the
composite. A contribution from an AGN with a hard ionizing ra-
diation field is necessary even for the objects that are not likely
AGNs in the C4C3–C34 diagram.
7. Discussion
We have shown in Sect. 4 that the UV diagnostics proposed
in Sect. 3 can distinguish AGN from star-formation-dominated
galaxies, and that they can be used to constrain ISM properties
of galaxies. We now discuss the properties of the Ciii] emitters
from VUDS derived in Sect. 6, compare them with other studies
at high redshift, and point out some implications.
7.1. The nature and physical properties of the Ciii] emitters
in VUDS sample of star-forming galaxies
The main radiation field and ISM properties derived from the
comparison of the UV emission lines with our grid of photoion-
ization models are given in Table 4 for the three samples of Ciii]
emitters defined above (cf. Table 2).
The composite spectrum of 450 star-forming galaxies at
z ∼ 3, whose average Ciii] EW is approximately equal to 2 Å, is
well described by stellar photoionization, as expected. We also
suggest that adding binary stars (Stanway et al. 2015) is favored,
Article number, page 21 of 27
A&A proofs: manuscript no. draft
as already pointed out by other studies (e.g., Steidel et al. 2016;
Jaskot & Ravindranath 2016). The typical values inferred for the
metallicity, ionization parameter, and age of the ionizing stellar
population are (Z, logU, age) from (0.3 Z⊙, −2.7, 200Myr) to
(0.5 Z⊙,−3, 50Myr). This is in agreement with earlier work (e.g.,
Steidel et al. 2014; Onodera et al. 2016 and references therein).
Using EW(Ciii]) and the inferred ISM properties, we constrain
the average efficiency of the ionizing photon production of this
sample as log ξion/erg−1Hz = 25.3 – 25.4. The ξion is higher
than the canonical value usually assumed by typical models of
reionization (25.2; e.g., Robertson et al. 2013), but comparable
to those of (bluer) Lyman break galaxy populations at z = 4 − 5
(Bouwens et al. 2016). A revised relationship between UV slope
and dust attenuation could elevate the canonical ξion to reconcile
the difference (Reddy et al. 2017).
Among the strong and intermediate Ciii] emitters (Samples
A and B), approximately 30% are likely to be dominated by
AGNs based on our UV diagnostics. Their average UV spec-
tra indicate that the combination of a young stellar population
and an AGN-like hard component is required for these strong
Ciii] emitters. Furthermore, to fully explain the large EWs of
Ciii] (and Civ) but faint O iii]λ1665 emission, we suggest that the
population typically has a high C/O abundance ratio (logC/O =
−0.45 and −0.3 for samples A and B, respectively). With this
assumption and a hard stellar + AGN SED, we are able to repro-
duce the average UV observations. The inferred ISM properties
are (Z, logU) = (0.02 Z⊙, −1.7) or (0.2 Z⊙, −1.0) for sample B,
and (0.1 – 0.2 Z⊙, −1.75 to −1.5) for sample A. Since the EW
of Ciii] peaks for metallicities of Z = 0.1 − 0.2 Z⊙, the selec-
tion of objects by strong Ciii] emission should result in a popu-
lation with a subsolar metallicity (with a boost of C/O, whose
origin is discussed in Sect. 7.2). In this sense, Sample B cov-
ering weaker Ciii] emitters could contain galaxies that are less
chemically enriched than Sample A. The large EW(Ciii])s indi-
cate a young starburst age of ∼ 3 – 8Myr and an efficient ioniz-
ing photon production of log ξion/erg−1Hz = 25.55 – 25.75 for
Samples A and B, as high as those observed in the bluest pop-
ulation of continuum-selected galaxies (Bouwens et al. 2016),
LAEs (Nakajima et al. 2016), and galaxies at z > 6 (Stark et al.
2017; Sect. 7.3). As shown in Le Fèvre et al. (2017), galaxies in
the A and B samples overall show a smaller SFR than expected
for their stellar mass compared to the main sequence of star-
forming galaxies. This could be interpreted as a sign of feedback
from the AGN component which suppresses surrounding star-
formation (Le Fèvre et al. 2017), further reinforcing the analysis
presented here.
The presence of an AGN-like hard radiation field can change
the ISM properties derived from the UV high-ionization lines.
Reexamining the VUDS sample of Ciii]+O iii] emitters pre-
sented by Amorín et al. (2017), we find that three out of the ten
Ciii] emitters could be partly powered by AGN. The stellar +
AGN hybrid models can reproduce their UV line spectra with
metallicities by a factor of 2–10 higher than originally inferred,
although we cannot fully rule out the low-metallicity solution
for one of the three objects. If such high metallicities are con-
sidered, these objects would lie on (a simple extrapolation of)
the mass-metallicity relation previously reported at similar red-
shifts (z ∼ 2.3; e.g., Steidel et al. 2014). Although we require
the observations of rest-frame optical emission lines to draw a
firm conclusion, our study shows that a careful investigation of
the powering source is essential for understanding the evolution
of the ISM gaseous properties, particularly when only the UV
high-ionization lines (and complicated Lyα) are available.
7.2. On the origin of high C/O abundance ratios
If the high C/O abundance inferred for the intermediate and
strong Ciii] emitters is correct as reported in Sects. 6.3.6 and
6.4.3, what is its physical origin? Generally, solar C/O ratios
are observed (e.g., Dopita et al. 2006) and predicted by chemi-
cal evolution models (e.g., Mattsson 2010) at high metallicities
(Z >∼ 1 Z⊙). The trend of the increasing C/O with metallicity at
12 + log(O/H) >∼ 8 is usually explained with a delayed contri-
bution to carbon enrichment from low- and intermediate-mass
(i.e., longer-lived) stars along with metal-rich (PopI) massive
stars. At very low metallicities, fast rotating stars are also pre-
dicted to produce yields with a high C/O ratio (cf. Chiappini
2006). However, this behavior is only expected for metallicities
12 + log(O/H) < 7, which is significantly lower than the esti-
mated metallicities of the star-forming galaxies at z = 2 − 4 in
our sample. Asymptotic giant branch (AGB) stars of interme-
diate mass, which could contribute to chemical enrichment on
the relatively short timescales appropriate for these high-redshift
sources, do not produce Carbon, since they are predicted to un-
dergo hot bottom burning, which in fact destroys this element
(Marigo 2001). Only under special circumstancesmay this phase
be avoided and high C/O ratios be reached (Marigo 2007). From
these available nucleosynthesis predictions for single stars it ap-
pears therefore difficult to explain a solar or super-solar C/O
abundance ratio at the subsolar metallicities in the galaxies we
are observing.
Alternatively, because both carbon and nitrogen are sec-
ondary nucleosynthesis elements at high metallicity, these ap-
parent over-abundances at low metallicity (i.e., low O/H ratio)
could be due to a massive inflow of pristine gas into the system.
This event would lower the O/H ratio for a chemically evolved
system but not alter the C/O and N/O ratios, resulting in appar-
ent over-abundances of secondary nucleosynthetic elements of
nitrogen and carbon for its metallicity. A similar idea has been
suggested for explaining a nitrogen excess as the origin of the
offset seen in the BPT diagram in high-z star-forming galaxies
(e.g., Sanders et al. 2016 and references therein) and their low-z
analogs (e.g., Amorín et al. 2010). If this scenario were correct,
the VUDS intermediate and strong Ciii]-emitter samples would
contain galaxies that are experiencing such a massive inflow
and undergoing a burst of star formation. Moreover, incomplete
metal mixing in the system might leave some pockets of pristine
gas in which PopIII stars could form. The PopIII stellar pop-
ulation, comprising a small fraction of the total star-formation
activity, could explain narrow He ii-line emitters (Cassata et al.
2013; see also Schaerer 2003; Raiter et al. 2010) as well as the
hard ionizing spectra as suggested for the VUDS intermediate
and strong Ciii]-emitter samples.
Furthermore, a significant population of carbon-sequenceW-
R (WC) stars could eject carbon into the ISM, leading to the
observed enhancement of the C/O abundance. This was also
initially introduced to explain a possible cause of the nitro-
gen enhancement in galaxies with nitrogen-sequenceW-R (WN)
stars (e.g., Masters et al. 2014 and references therein). How-
ever, we consider this scenario unlikely, because (i) the frac-
tion of massive stars entering the W-R phase becomes small in
a low-metallicity regime, and because (ii) the W-R population is
dominated by WN stars in a metal-poor ISM environment (e.g.,
Crowther 2007).
We can test these scenarios by examining the C/N abun-
dance ratio as a function of metallicity, for example. A further
discussion of the possible variation of the C/O abundance ratio
in high-z objects will be presented elsewhere using our VUDS
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sample (Amorín et al. in prep. 2017). In any case, we emphasize
that the objects potentially possessing a very high C/O ratio are
quite rare in the large VUDS sample, thus only rarely requiring
such extraordinary explanations.
7.3. Comparison with other high-redshift sources
7.3.1. The Lynx arc at z = 3.4
Interestingly, we note that the Lynx arc at z = 3.4 (Fosbury et al.
2003; Villar-Martín et al. 2004) presents similar UV spectro-
scopic properties to the strongest Ciii]-emitter sample from
VUDS, with very large EWs of Ciii] and Civ (∼ 50 − 60Å)9
. However, line ratios place this object in the star-formation
regime on the C4C3-C34 diagram (blue circle in Figs. 11 and
14). Its rest-frame optical nebular spectrum suggests an ISM
condition of a high-ionization parameter (logU ≃ −1) and a
low metallicity (Z ∼ 0.1 Z⊙). The presence of an AGN is not re-
quired according to Fosbury et al. (2003) and Villar-Martín et al.
(2004), although Binette et al. (2003) show that AGN models
with an absorbed power-law distribution are able to reproduce
the UV-to-optical line spectrum. We thus need a relatively high
C/O abundance ratio to explain the large EWs of Ciii] and Civ
for this object. Indeed, log(C/O) = −0.37 is inferred using
the method of Pèrez-Montero & Amorín (2017). Furthermore, a
high N/O abundance ratio is suggested for this object by a factor
of ∼ 2–3 comparedwith the solar abundance (Villar-Martín et al.
2004).
7.3.2. Recent Ciii] detections at high redshift
Stark et al. (2014) have reported Ciii] emission in 16 lensed
z ∼ 1.5−2 galaxies. Five of them also show Civ, which is weaker
than Ciii], as we would expect.When possible these sources have
been included in the relevant Figures discussed above. For three
sources with multiple line detections, Stark et al. (2014) deter-
mine metallicities from their complex photoionization model-
ing including a Bayesian analysis, finding 12 + log(O/H)∼ 7.8
with relatively large uncertainties (see Fig. 13). The comparison
with our models shows that the observed line strengths of their
Ciii] emitters can be reproduced with the ionization field of star-
forming galaxies, either from PopStar or BPASS models. This
is in agreement with the conclusions of Stark et al. (2014).
A more peculiar source, named A383-5.2 with strong Ciii]
emission (EW(Ciii]) = 22.5 ± 7.5 Å), was found at z = 6.03
by Stark et al. (2015a). Fitting only one UV line plus the broad-
band SED of this galaxy, Stark et al. (2015a) determine a very
low-metallicity 12 + log(O/H)∼ 7.3 ± 0.2, a high ionization
parameter, and a relatively high C/O abundance for its low
metallicity. In addition, Stark et al. (2017) recently report an-
other Ciii] detection with a large EW of 22 ± 2Å from a lu-
minous high-z source, EGS-zs8-1, at z = 7.73. The ISM prop-
erties including the C/O ratio are inferred to be quite similar
to those of A383-5.2. Whether these explanations are unique
remains, however, questionable. If the metallicity is correct, it
places these sources in a very similar location as some sources
of Amorín et al. (2017), as seen from Fig. 13. From this consid-
eration and from the resemblance of these sources to those from
our intermediate and strong Ciii]-emitter sample, we suspect that
9 We calculate the EWs by using the given fluxes and the continuum
flux densities, which are estimated from the SED plot (Fosbury et al.
2003).
these high-z sources could also be enriched in Carbon.More data
are needed to better constrain these sources.
7.3.3. Civ emitters at z ∼ 3–7
Recent spectroscopic observations of galaxies at redshift z > 6
have identified strong Civ emission with rest-frame EW ∼ 20Å
or larger (Stark et al. 2015b; Schmidt et al. 2017; Mainali et al.
2017; Fig. 14). If these objects are powered by star formation,
their high Civ EWs cannot be reproduced by conventional bi-
nary or single stellar populations, as demonstrated above. This
suggests that these early galaxies possess a much harder ioniz-
ing spectrum, a more efficient ionizing photon production (i.e.,
a higher ξion parameter), and/or an elevated C/O abundance ra-
tio. Although no evidence for AGN has so far been found for
these objects, we cannot fully rule out an AGN-powering radi-
ation field with a weak upper-limit on the He ii emission. For
example, Schmidt et al. (2017) discuss the ionizing source of a
z = 6.1 object using the AGN models of Feltre et al. (2016) and
galaxy models of Gutkin et al. (2016) on the line ratios diagrams
of Civ/Ciii] and Civ/He ii, concluding that the object does not
favor an AGN. We think the situation is unclear. It is true that
their emission line limit of Civ/He ii & 0.5 (2σ) is consistent
with many of the star-forming galaxy models and with only a
small number of AGN models. However, most of the observed
AGNs are reproduced by the “minority” of the AGN models,
with line ratios of Civ/He ii ∼ 1–3 (see top-right panel of Fig. 11;
Nagao et al. 2006; Dors et al. 2014; Hainline et al. 2011). Since
the AGN models of Feltre et al. (2016) are based on a large grid
of parameter sets, some of which might be unrealistic, compar-
ing an observation with the abundance of the generated models
to judge its ionizing source could be misleading. For this partic-
ular example of a z = 6.1 object, Mainali et al. (2017) provide
a stronger constraint on the Civ/He ii ratio of & 7.6 (2σ), lead-
ing to the conclusion that the z = 6.1 source is powered by star
formation.
A lensed Lyα emitter at z = 7.045 showing strong Civ
emission with EW(Civ) ∼ 40 Å was discovered by Stark et al.
(2015b). Again, using the models mentioned above, they derive
a very low metallicity (12 + log(O/H)∼ 7.0 ± 0.3) and a high
ionizing photon flux. The assumed or derived C/O abundance is
not mentioned. According to Stark et al. (2015b) this source can
be explained by stellar photoionization or by an AGN. From our
modeling we do not see how such a high Civ EW could be re-
producedwithout a significant C/O overabundance, that is, close
to solar value, in case of stellar photoionization. Alternatively,
we agree that an AGN-like hard spectrum could explain the cur-
rently available observations. In fact the properties of this source
resemble those of some of our strongest Ciii] emitters (Sample
A), whose nature, including an AGN-powered source of ionizing
photons, was discussed above.
Since Civ line photons can be trapped in the ionized nebu-
lar regions by resonant scattering, they would be preferentially
absorbed and weakened if internal dust existed. Strong Civ emis-
sion is thus likely to be observed from young, dust-free sources.
Indeed, at z = 3 − 5, low-mass (. 107 M⊙) young galaxies and
super star clusters with a blue UV continuum (UV slope β < −2)
are observed using strong-lensing effect to present strong Civ
emission of EW & 10Å (Vanzella et al. 2016, 2017; Smit et al.
2017). The Civ emitters found at higher-z (Stark et al. 2015b;
Mainali et al. 2017) would be a similarly dust-free population if
the main ionizing sources were stars.
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Fig. 18. As in Fig. 13, but with models of mixed SF+AGN ( fAGN = 8%, solid), blackbody (T = 6.5×104 K below Z = 0.2Z⊙, dashed), and PopIII
star (below Z = 0.05 Z⊙, dotted). In each plot, the right ordinate presents a flux predicted for L⋆UV galaxies at z = 7 with an EW corresponding
to the left ordinate. For the Civ emission, the red right ordinate is added which shows a predicted flux if the stellar Civ absorption exists with
EWabs(Civ) = −3Å.
7.4. Implications
Finally, we discuss the possibility of using the Ciii] and/or
Civ as a probe of galaxies in the early universe. First, we re-
visit the claimed positive correlation between EW(Lyα) and
EW(Ciii]) (Shapley et al. 2003; Stark et al. 2014; Rigby et al.
2015). Rigby et al. (2015) suggest that the correlation is dom-
inated by the strongest emitters with EW(Lyα) & 50Å and
EW(Ciii]) & 5Å. The correlation looks weaker in the range
below EW(Lyα) ∼ 50Å. Our models corroborate these trends.
One of the key quantities that govern the correlation is the UV-
continuum level, or the star-formation age. We demonstrated in
Sect. 4.2 that strong Ciii] emitters require a very young star-
burst age to have a large EW(Ciii]). In the early phase of the
current starburst, galaxies should have a large EW(Lyα) as well.
If galaxies are more evolved, that is, if the metallicity and age
become increased, both of the EWs of Lyα and Ciii] become
smaller. In addition, in the evolved system, radiative transfer ef-
fects on Lyα complicate the Lyα visibility. In the correlation of
Rigby et al. (2015), there are several galaxies that present a mod-
est Ciii] emission (EW . 5Å) while no Lyα in emission. This
would indicate that these galaxies have more dust extinction,
which preferentially absorbs the resonantly-scattered Lyα pho-
tons due to their relatively long mean free paths. Alternatively,
a scatter in the C/O abundance ratio as a function of metallicity
could add another uncertainty (cf. Sect. 4.2). Such complexities
would result in the weaker correlation in the range of EW(Lyα)
. 20Å as suggested by Rigby et al. (2015).
We can also speculate on the relationship between EWs of
Lyα and Ciii] for much stronger emitters, that is, in the range of
EW(Lyα) & 100Å. If we assume such a strong Lyα is emitted by
a very young galaxy with intense bursts of star formation, a key
property is the hardness of the incident radiation field to further
enhance the EW(Lyα). Based on our models that assume the gas-
phase and stellar metallicities are the same, a more metal-poor
galaxy tends to have a harder ionizing spectrum and a higher ξion.
Therefore, the EW(Lyα) is considered to monotonically increase
with decreasing metallicity. On the other hand, as we present in
Fig. 13, the EW(Ciii]) becomes smaller with decreasingmetallic-
ity below Z = 0.1−0.2 Z⊙ due to a smaller amount of carbon.We
thus predict that the positive correlation between EW(Lyα) and
EW(Ciii]) becomes weaker in the range of EW(Lyα) & 100Å,
and that EW(Ciii]) could even start to drop with EW(Lyα). In-
deed, Le Fèvre et al. (2017) use a large sample of Ciii] emitters
to find that these objects are not always strong Lyα emitters, and
vice versa. Although their plot might be contaminated by Ciii]
emitters powered by a hidden AGN, the positive correlation is
suggested to not be as strong as previously thought. More Ciii]
observations for strong Lyα emitters will clarify that trend.
Figure 18 presents our model predictions of the EWs of
Ciii] and Civ as a function of metallicity if the radiation field
is given by the mix of SF + AGN ( fAGN = 0.08), by a black-
body (T = 6.5 × 104K), or by a PopIII star. The former two
are favored to reproduce our strong and intermediately strong
Ciii] emitters. Here we adopt the “standard” assumption of the
C/O abundance ratio (Dopita et al. 2006). All of these models
are considered to be at a very young star-formation age: 1Myr
for the SF + AGN models, and zero-age for the blackbody and
PopIII star models. Compared with the BPASS binary-star mod-
els in Fig. 13, the SF + AGN models present a similar trend of
EWs with metallicity. The SF + AGN models have a peak of
EW(Ciii]) at Z ∼ 0.2 Z⊙, predicting a lower EW with higher
and lower metallicities. EW(Civ) is predicted to have a peak
at a somewhat lower metallicity of Z = 0.02 − 0.1 Z⊙. These
trends are well reproduced and extrapolated to a lower metallic-
ity regime with the blackbody and PopIII star models. Therefore,
it is likely that these models enable us to make a firm prediction
of the EWs of Ciii] and Civ in the low-metallicity regime, where
high-z galaxies in the reionization era should lie.
In order to evaluate the detectability of the carbon lines from
early galaxies, we estimate typical fluxes of these lines from
galaxies at z ∼ 7 for reference. An L⋆UV galaxy at z ∼ 7 has
an absolute UV magnitude of MUV ∼ −20.7 (Bouwens et al.
2015). Using this UV continuum level and assuming a flat fν
in the FUV range, we derive fluxes of Ciii] and Civ predicted for
L⋆UV galaxies at z = 7 as shown in the right ordinate of each panel
in Fig. 18. One suggestion we obtain is that at a low metallicity
regime of Z . 0.05 Z⊙, the Civ emission looks stronger, and
therefore appears to be a more prominent probe than the Ciii]
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emission if a high-ionization parameter is associated with the
low metallicity (logU & −1.5). Such low metallicity is consid-
ered to be likely, since brighter (and more evolved) galaxies at
z = 6 − 8 are suggested to have Z ∼ 0.1 Z⊙ (Stark et al. 2017).
We thus focus on the metallicity range of Z = 0.01 − 0.1 Z⊙
here. If the metallicity is Z = 0.1 Z⊙, both of the EWs could
be as large as ∼ 15Å, which corresponds to ∼ 2 × 10−18 and
3 × 10−18 erg s−1 cm−2 in fluxes of Ciii] and Civ, respectively.
These are obtainable with currently available ground-based in-
struments such as Keck/MOSFIRE within a reasonable amount
of time of a few hours on-source integration, given the typical
sensitivity provided by Steidel et al. (2014). If a lower metallic-
ity of Z = 0.01 Z⊙ is considered, the maximumEW of Ciii] drops
to ∼ 3 − 4Å, while that of EW(Civ) remains as large as ∼ 12Å.
In this case, the predicted flux of Ciii] and Civ is ∼ 0.5 × 10−18
and 2.5 × 10−18 erg s−1 cm−2, respectively. Therefore, for such a
metal-poor galaxy, Civ is considered to provide a better probe
for its identification. Although the observed Civ emission might
become weaker if the stellar absorption exists, our calculation
suggests that the stellar absorption of EWabs(Civ) = −3Å, which
we adopt for the VUDS sample, does not significantly decrease
the visibility of the Civ emission (cf. red ordinate in the right
panel of Fig. 18).
However, we need to acknowledge some caveats. One is that
these calculations are for L⋆UV galaxies at z = 7. The predicted
fluxes would be decreased by ∼ ×1/10 for sub-L⋆UV galaxies. An-
other difficulty is that we cannot simply state that brighter galax-
ies present stronger carbon emission lines, because the EWs pre-
sented in Fig. 18 assume a very young starburst age. If brighter
galaxies were more evolved, their EWs would become lower
as shown in Fig. 6. Indeed, Shibuya et al. (2017) argue a tenta-
tive10 anti-correlation between EW(Civ) and UV-continuum lu-
minosity. This suggests that a less luminous galaxy tends to be
younger, less chemically enriched (and hence to have a higher
ionization parameter), and have a harder ionizing spectrum. Fi-
nally, the absolute strengths of the Carbon emission would be-
come stronger if the C/O ratio was enhanced. An analysis of
multiple UV lines such as the one we perform with the VUDS
Ciii] emitters, ideally including the O iii]λλ1660, 1666 doublet,
is preferred for resolving the degeneracy. Such studies should be
possible for high-redshift (z & 7) galaxies from the ground with
NIR spectrographs and using the upcoming James Webb Space
Telescope (JWST).
8. Summary and conclusions
In order to interpret the observed UV spectra of distant galax-
ies, we present the theoretical predictions for the behavior of
the UV emission, in particular of Ciii]λ1909, Civλ1549, and
He iiλ1640 lines, from extensive grids of photoionization mod-
els. The models use several incident radiation fields (stellar pop-
ulation, AGNs, a mixture of stars and AGNs, and so on) and
cover a wide range of ISM properties.We have tested these mod-
els on existing sources with known ionization field and/or ISM
properties. Our main results concerning the UV emission line
predictions are summarized as follows.
– From the photoionization models we propose new spectral
UV line diagnostics using rest-frame EWs of Ciii] and Civ
and the line ratios of Ciii], Civ, and He ii. Extending earlier
10 Since the anti-correlation is dominated by strong Civ emitters with
EW > 20Å, which our standard models cannot explain, it is not obvious
whether the correlation is universally correct or not.
predictions for UV lines (e.g., Feltre et al. 2016; Gutkin et al.
2016; Jaskot & Ravindranath 2016), we demonstrate that
the UV diagrams of Civ/Ciii] versus (Ciii]+Civ)/He ii,
EW(Ciii]) versus Ciii]/He ii, and EW(Civ) versus Civ/He ii
are useful for classifying the nature of the ionizing radiation
field of galaxies and for constraining their ISM properties.
– For star-forming galaxies, our models predict that Ciii] EW
peaks at subsolar metallicities (∼ 0.1 − 0.2 Z⊙), whereas
Civ EW becomes maximal at even lower metallicities. Stan-
dard models show that sources with EW(Ciii])>∼ 20 Å and
EW(Civ)>∼ 12 Å cannot be explained by purely stellar pho-
toionization: an enhanced carbon abundance (with C/O up to
solar) or an AGN-like ionizing spectrum is needed to explain
such sources.
Subsequently, we used these models and UV diagnostic dia-
grams to analyze new spectroscopic observations from the VI-
MOS Ultra Deep Survey (VUDS). Le Fèvre et al. (2017) iden-
tify 450 Ciii]-emitting galaxies at z = 2−4 in VUDS. We binned
the sources in three categories, according to strong (Sample A)
and intermediate (Sample B) EW(Ciii]), and a reference sample,
Sample (C), of all star-forming galaxies. The average properties
of the three samples are the following:
– All star-forming galaxies (Sample C; N = 450 sources;
EW(Ciii]) ∼ 2Å): We find that they typically require a stel-
lar photoionization including binary stars. Using the incident
radiation field generated by BPASS (Stanway et al. 2015),
the ISM properties of metallicity (Z) and ionization param-
eter (U) are inferred to be (Z, logU) from (0.3 Z⊙, −2.7)
to (0.5 Z⊙, −3), and the age of the current star formation
to be from 200Myr to 50Myr. The ionizing photon pro-
duction efficiency parameterized by ξion is calculated to be
log ξion/erg−1Hz = 25.3 – 25.4.
– Intermediate Ciii] emitters (Sample B; N = 43; EW(Ciii])
= 10–20Å): We suggest the sample contains a variety of ob-
jects, at least ∼ 28% of which are metal-poor (Z . 0.05
– 0.2 Z⊙) star-forming galaxies and ∼ 34% are pure AGNs.
A pure stellar photoionization is insufficient to explain their
average UV observations, irrespective of the inclusion of bi-
nary stars. They are best described by an SED including a
mix of stellar + AGN photoionization with a contribution of
fAGN ∼ 7 – 10% of the ionizing photons from the AGN.
Furthermore, to fully explain the large EWs of Ciii] and Civ
but faint O iii]λ1665 emission, we indicate that the popula-
tion typically requires a high C/O abundance ratio (logC/O
= −0.3). With these conditions, the ISM properties are best
inferred as (Z, logU) ∼ (0.02 Z⊙, −1.7) or (0.2 Z⊙, −0.9). A
young starburst age of ∼ 3 − 8Myr and an efficient ionizing
photon production of log ξion/erg−1Hz ∼ 25.55 − 25.7 are
derived.
– Strong Ciii] emitters (Sample A; N = 16; EW(Ciii]) >
20Å): With the UV diagrams we classify ∼ 30% of the
sample as AGNs. We find that stellar photoionization is
clearly insufficient to explain the UV observation of the aver-
age and the other ∼ 70% dominant population. A radiation
field consisting of a mixture of a young stellar population
(log ξion/erg−1Hz = 25.7 – 25.75) plus an AGN component
with fAGN ∼ 8+2−5% is necessary. Furthermore, an enhanced
C/O ratio (logC/O = −0.45) is needed for ISM properties
of (Z, logU) from (0.1 Z⊙, −1.75) to (0.2 Z⊙, −1.5).
The analyses of the VUDS Ciii] emitters have provided the fol-
lowing discussion for the high-z star-forming population:
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– Since the EW of Ciii] peaks for metallicities of Z = 0.1 −
0.2 Z⊙, the selection of objects by strong Ciii] emission
should result in a population with a subsolar metallicity. A
young starburst age of . 10Myr and a high ionizing photon
production efficiency of log ξion/erg−1Hz ∼ 25.55−25.75 are
required for the strong Ciii] emission of EW(Ciii]) & 10Å.
– The possible addition of AGN to the ionizing spectrum indi-
cates that the shape of stellar ionizing spectrum in the very
high-energy regime might not be sufficiently reproduced by
conventional stellar population synthesis codes. If the inclu-
sion of an AGN-like hard radiation field is correct for the
strong Ciii] emitters, this could alter the ISM properties that
are estimated with the UV high ionization lines alone under
the assumption of a pure stellar photoionization.
– Using the ionizing spectrum as inferred for the VUDS inter-
mediate and strong Ciii] emitters, we offer a prospect of the
visibility of the Ciii] and Civ emission from galaxies in the
reionization epoch of z ∼ 7. We predict that both Ciii] and
Civ could be equally as strong as EW ∼ 15Å and detectable
with currently available instruments from z ∼ 7 L⋆UV galax-
ies if the metallicity is subsolar. If these galaxies are more
metal-poor by an order of magnitude, the maximum EW of
Ciii] would drop to ∼ 4Å, while that of Civ would remain
as large as ∼ 12Å. In a metal-poor environment, Civ would
provide a better probe of objects in the early universe.
This paper presents a useful means to identify the main source
of ionizing photons in distant galaxies based on UV rest-frame
emission lines. This will be further improved, including the
addition of a full suite of emission lines over the rest-frame
UV+optical wavelength range. The methods presented in this
paper provide useful analysis and classification tools to study
the properties of galaxies with the upcoming JWST, with fu-
ture extended large spectroscopic surveys such as Subaru/PFS
(Takada et al. 2014) or VLT/MOONS (Cirasuolo et al. 2014),
and 30m-class telescopes.
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